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THE METRECHON—A HALFTONE-PICTURE 

STORAGE TUBE* 

By 

L. Pensak 

Research Department, KCA Laboratories, 
Princeton, N. J. 

Summary—The Metrechon is an experimental two-beam cathodc-ray 
tube with a new type of storage target which allows pictures with varying 
amplitudes (halftones) to he stored, and produces output signals for view- 
ing on a kinescope. Thousands of copies of the output can be obtained with 
little deterioration of the halftone values. The target is a composite struc- 
ture of fine metal mesh in contact with a thin sheet of insulator. The 
portions of the insulator covering the holes are the storage elements. These 
can be charged by bombardment with a "writing" electron beam. The signal 
is "read" by scanning the target with a low-velocity beam which is modu- 
lated by the stored charges. Reading can go on at the same time as writing 
or erasing. 

known storage tubes depend on the storage of electric charges 
on insulators.1 The differences among the various tubes come 
about from the manner in which (a) the charges are put onto 

the insulator (the writing operation), (b) the charges produce an 
output signal (the reading operation) and (c) the charges are removed 
(the erasing operation) to clear the insulator for further writing. 
Writing is accomplished by bombardment, the charge pattern resulting 
either from secondary emission effects2 or from bombardment-induced 
conductivity.3 Reading and erasure are commonly combined so that 
removal of the charges also produces an output signal.2 More than one 
copy of the stored signal can be obtained when the reading beam is 
made small enough to remove only part of the stored charge on each 
scan.3 However, any change of stored charge changes the output signal 
level of the succeeding copies. This deterioration of the output signal 
can be prevented by separating the reading and erasing operations. 

* Decimal Classification: R138.31. 
1 M. Knoll and B. Kazan, Storage Tubes, John Wiley and Sons, New 

York, N. Y., 1952. 
2 A. S. Jensen, J. P. Smith, M. H. Mesner, and L. E. Flory, "Barrier 

Grid Storage Tube and its Operation," RCA Review, Vol. 9, p. 112, March, 
1948. 

3 L. Pensak, "The Graphechon — A Picture Storage Tube," RCA 
Review, Vol. 10, p. 59, March, 1949. 

Introduction 

145 
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Such separation can occur when the reading beam is unable to land 
on the stored charges and yet can be modulated by them in a kind of 
grid control action. Erasure can be accomplished by the writing beam 
or by the use of a third beam. A tube which operates in this manner 
can produce signals from its stored charges without disturbing them 
and, therefore, produces multiple identical copies. This is the basic 
principle of the Metrechon. 

Tube Construction 

A schematic diagram of the tube is shown in Figure 1 and a 
photograph is shown in Figure 9. It consists of low-velocity gun 

BULB DECELERATING 
COATING \ SCREEN 

\ \ WRITING GUN ^ READING GUN 

TARGET 
ASSEMBLY 

7^ 

iiiiil ; = 
lUi _ 
!.!!!ik -- 

7 
LL 

ELECTRODE 
MULTIPLIER -/ COLLECTOR 

WALL SECTIONS (OUTPUT SIGNAL 
ELECTRODE) 

WRITING 
SCREEN- READING 'SCREEN 

-INSULATING FILM 

Fig. 1—Schematic outline of the Metrechon and an expanded cross section 
of the target assembly. 

similar in principle to the type used in the image orthicon,4 a storage 
target, and conventional cathode-ray gun. The low-velocity reading- 
gun cathode can be grounded, and all other voltages referred to here- 
after are with respect to it. The writing cathode-ray gun is operated 
with its cathode at 1000 to 2000 volts negative. The target is shown 
enlarged below the tube outline. It consists of a thin sheet of insulator 
with a metal mesh on one surface. There are several ways of building 
such a target. One way is to metallize a mesh on a thin sheet of mica. 
Another is to seal a thin film of high-resistivity glass to a sheet of 

4 A. Rose, P. K. Weimer, and H. B. Law, "The Image Orthicon, A 
Sensitive Television Pickup Tube," Proc. I.R.E., Vol. 34, p. 424, July, 1946. 
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THE METRECHON 147 

electrolytic mesh. Because the fineness of the mesh determines the 
maximum number of storage elements on a target of limited diameter, 
over 700 meshes per inch are used. The metal side of the target faces 
the reading gun and is called the front surface. Within a few 
thousandths of an inch from the back, a second fine-mesh screen of 
metal is located. This is called the "writing" screen. The bulb wall 
back of the writing screen is coated with an electrical conductor. This 
serves to collect secondary electrons that might emerge through the 
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Fig. 2—A typical curve of secondary emission effects when the landing 
voltage of electrons is varied. 

screen and acts as an anode to the writing cathode-ray gun. The re- 
maining electrodes are similar to those described in the references. 
The external magnetic focusing and deflecting fields are also conven- 
tional and so will not be described. 

Principles of the Reading Operation 

The several modes of operation are described below. 

Landing-Current Theory 

Figure 2 shows a typical curve of current to an electrode (metal or 
insulator) as a function of its potential with respect to a grounded 
cathode. Because of the range of energies in electrons from a hot 
cathode, it may take a small negative bias to prevent any landing. As 
the electrode becomes more positive, landing occurs and goes to a 
maximum value. Because secondary electron emission starts at com- 
paratively low landing voltages, the current begins to decrease, and 
somewhere between 15 and 150 volts, depending on the material, the 
secondary emission ratio reaches unity and the electrode current is 
zero. This is called the first crossover point. At higher voltages, the 
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current reverses and more electrons leave than arrive. If the electrode 
is not conducting but insulated or made of insulator, its potential 
cannot be held by conduction and must drift to some equilibrium 
value at which the current is zero. If landing starts at below the 
first crossover potential, the surface is driven in the negative direction 
until no further landing occurs, i.e., approximately zero volts. If 
landing starts at above the first crossover, the surface tends to go 
positive and is generally limited by the collector potential ( Vc) .* A 
second limit that occurs on composite targets will be described below. 

Current Curve and Potential Diagram 
Given a composite, target of metal mesh and insulator in the holes 

as shown in Figure 1, it is possible to explain the target current versus 
mesh potential curves of Figure 3 using the potential diagram of 
Figure 4. As a starting condition with the mesh at zero volts with 

04 

ELECTRONS 
OUT 02 

Fig. 3—Variation of target current when the target voltage is slowly 
raised from zero to over 100 volts and then slowly lowered to zero. 

respect to the cathode, the insulator potential also goes to zero as its 
equilibrium condition. Contact potential difference between cathode 
and mesh prevents any landing of current until the mesh is above +2 
volts.5 

As the mesh is made more positive, electron landing starts and 
quickly rises to a maximum value (line AB, Figure 3). At the same 
time, the insulator tends to go positive by capacity coupling to the 
mesh. This allows electrons to land on it as well, but, because it is 

* See Reference (1), p. 11. 
5 J. Millman and S. Seely, Electronics, McGraw-Hill Book Company, 

Inc., New York, N. Y., 1941, p. 157. 
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below first crossover, its potential is reduced to zero and no further 
landing can occur. In Figure 4 the straight line at 45° is merely a 
reference line to show mesh potential on the same scale as insulator 
potential. Line AC on the axis shows the insulator staying at zero 
volts as the mesh goes positive. 

Line BC in Figure 3 shows that the current landing on the mesh 
is essentially unchanged over the potential range from 10 to 70 volts. 
This means that any secondary electrons that might have escaped 
from the metal are suppressed by the coplanar grid action of the zero 

Fig. 4—The insulator voltage cycle when the target mesh voltage is slowly 
cycled once from zero to 100 volts and back to zero. 

potential of the insulator in the holes of the mesh. Therefore, all elec- 
trons that land are trapped and the current is constant. However, as 
the mesh is made more positive, the difference in potential between it 
and the insulator increases, causing some surface conduction on the 
insulator. As long as this leakage current is less than the electron 
landing on the insulator, the insulator potential can be held near 
ground. At approximately 70 volts difference, this is no longer pos- 
sible. The insulator potential starts to rise and the higher landing 
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velocity of electrons causes increasing secondary emission which speeds 
up the rise. The insulator then quickly "jumps" positive to point D. 
This jump occurs at slightly different values for the different elements 
due to small differences in insulation and other second order effects. 
It is, therefore, possible to make part or all of the target jump by 
choosing the appropriate mesh potential. The shaded area of Figure 3 
shows this spread of jumping points as a range of currents which vary 
with the waiting period for each measurement. The maximum potential 
of the insulator is now set by the target mesh which, in turn, acts as 
a coplanar grid to bias off secondary emission if the insulator goes too 
positive. Measurements show that the insulator does not go more than 
three volts above the mesh. The sudden decrease in landing current 
at about 70 volts as shown in Figure 3 is now due to the insulator 
being near the mesh potential so that secondaries from the mesh can 
escape. At 90 volts, the current is zero. This is a true measure of the 
mesh crossover potential because the insulator cannot contribute cur- 
rent as long as it stays insulating. For all potentials above this, the 
insulator is held near the mesh potential by secondary emission. 

As the mesh potential is reduced, the insulator is forced down with 
it (line DE) by the grid action of the mesh in suppressing secondary 
emission until the insulator is no more than several volts positive 
with respect to the mesh. However, when the insulator potential is 
lowered in this manner to just below its first crossover potential, the 
excess electron landing causes it to jump to ground potential (point F) 
where no further landing of the beam is possible. A similar range of 
irregularities is found here due primarily to variations in secondary 
emission ratio among the elements. From this point, as the mesh goes 
more negative, the insulator goes below ground by capacitive coupling 
with the mesh and the target current cuts off earlier (point G). The 
insulator voltage follows line FG (Figure 4) to end up at —24 volts 
instead of the zero where it started. A repeat cycle will now follow 
along the line GFCD. Any positive excursion of the target will show 
this effect. If the mesh is raised to +40 volts, where the jump does 
not occur and then lowered again, the insulator will go negative as 
shown by the dashed line in Figure 4 and end up at 40 volts negative. 
A good way of restoring the insulator to a zero potential value with 
the mesh at zero is to bring the insulator surface to above the first 
crossover, turn on the beam to make the elements more positive, turn 
off the beam and bring the mesh back to zero. The elements are now 
positive and, on turning the beam on again, they go to zero. With fast 
switching, the beam current need not be turned off and on as its 
effect during switching time is small. 
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Modes of Operation 

From the potential plot of Figure 4, it can be seen that several 
modes of operation are possible. 

1. Mesh at 2-5 volts. The insulator can be driven negative 
to bias off landing. This allows reading as long as the charges 
can stay unchanged. This is discussed later. 

2. Mesh at 30-70 volts. The insulator can be driven posi- 
tive or negative and be held stable in either position at the 
maximum or minimum potential by the secondary emission 
effects of the reading beam. This gives a black and white 
picture that will last indefinitly. Although this principle has 
been used in other storage tubes,6-7 the voltage range between 
cathode and maximum potential is reduced over that used in 
other tubes. This makes the tube more sensitive to writing 
and, in addition, needs no separate holding beam. 

3. Mesh at 20-25 volts. The insulator can be driven nega- 
tive to modulate the secondary emission from the mesh if it 
starts above the crossover potential. In this case, the stored 
charge is slowly erased due to landing of the reading beam 
but the erasure rate can be varied by operating near or above 
the crossover potential. It can also be driven positive to en- 
hance the secondary collection from the mesh but will also 
erase with reading. 

4. Mesh at 5-20 volts. The insulator can be driven nega- 
tive to bias off the secondary emission from the mesh. This 
pattern should hold, but rather large changes of insulator 
potential may be required to produce appreciable modulation 
of the reading output. 

In general, given a reading equilibrium, the writing beam can 
always produce a disturbance which will be read out, and its duration 
will depend on the several factors that determine how the disturbance 
is erased. These factors are: 

1. Landing of the reading beam, if any. 

2. Leakage of electrical charge due to the finite resistivity 
of the dielectric. 

3. Landing of positive ions generated in the residual gas 
of the tube by the reading beam. This effect causes the ulti- 

8J. A. Rajchman, "The Selective Electrostatic Storage Tube," RCA 
Review, Vol. 12, p. 53, March, 1951. 

7 A. V. Haeff, "A Memory Tube," Electronics, Vol. 20, p. 80, September, 
1947. 
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mate limit to duration of a stored charge when a mode of 
operation is chosen that does not allow beam landing, and an 
insulator is used with a very good resistivity. Insulators have 
been found that have a decay constant of as long as several 
days. This is discussed below. 

Landing Control 

This section deals with mode (1) operation and with the amount of 
negative potential on the insulator elements required to control landing 
of the beam on the mesh. Obviously, this potential will vary with the 
potential of the mesh. Figure 5 is one set of measurements that 
shows the way in which the target current varies as a function of 
insulator potential for several values of mesh potential. When the 
insulator is driven negative by the action of the writing beam, the 
retarding potential in the holes restricts and eventually cuts off land- 
ing of the low-voltage beam on the mesh. These curves ai'e very much 
like the grid-control curves of triodes, consisting of a linear portion 

Fig. 5—A typical set of target-current curves as the insulator is driven 
negative by the writing action. 

which will be used for the halftone range of output signals and a small 
curved section near cutoff where the beam is unable to land and is, 
therefore, totally reflected. The portion of the beam that does land is 
subtracted from the incident beam and the remainder is reflected 
into the multiplier section whose output is, therefore, a function of 
the insulator potential at the point being scanned. 

At low mesh potentials, the target current decreases directly from 
zero insulator potential, but at higher mesh potential there is a flat 
portion of the curve, and at still higher potentials the current actually 
increases before decreasing. This is due to lens action in the indi- 
vidual holes of the target. The target mesh normally intercepts about 
half of the incident beam when the lenses are weak due to low mesh 
potential. However, as the mesh is made positive, the lenses become 
stronger and when the insulator is made negative, the lenses become 
strong enough to change the direction of the beam to force more 

CURRENT LANDING 
ON 

TARGET MESH 

16 14 12 10 8 6 4 2 0 
NEG. VOLTS ON INSULATOR 
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electrons towards the mesh surrounding each hole. Therefore, the 
initial effect is to increase the landing current. As the insulator be- 
comes still more negative, its field begins to extend enough in front of 
the mesh to reduce the number of electrons that can get through and 
landing is reduced. Eventually all landing is cut off. The negative 
potential required for this condition increases linearly with positive 
mesh potential. This is shown in Figure 4 (line AH ) which shows the 
cutoff potential of the insulator as a function of mesh potential. 

Writing and Erasing Operation 

Writing by Collector Modulation 

It is necessary to discuss writing and erasing before going into 
more detail on the reading process and its bearing on storage. Writing 
has been investigated in some detail primarily with mode (1) reading 
as both the most sensitive and stable for an ultimate radar application. 
This mode requires that the insulator be driven negative by the writing 
beam for purposes of laying down a charge pattern and, because the 
reading beam does no erasing, the writing beam must be made to do 
this too. If the writing beam is to erase, it must be able to remove 
electrons as well as put them down. In general, it is not desirable to 
change the beam voltage to obtain the two operations. Therefore, the 
beam voltage is chosen so as to produce a secondary emission ratio of 
about two. This is in the range of 1000 to 2000 volts, and is obtained 
by operating the writing gun cathode below ground. Writing can now 
be accomplished by putting negative potentials on the writing screen 
(see Figure 1). From Figure 2, it is seen that an insulator under 
bombardment tends to shift towards collector potential due to collec- 
tion or suppression of secondary electrons. In this case the writing 
screen, by virtue of its close spacing to the back of the target and 
fine mesh, becomes the only effective collector seen by the back of the 
target. It is therefore possible to set the potential of the insulator 
surface the same as that of the writing screen when the writing beam 
is turned on. Any change of potential of the back of the target insu- 
lator causes the front of the insulator in the holes to go to almost 
the same potential due to the capacitive coupling between the front 
and back of the target. This capacitive effect is quite high due to the 
thinness of the target. There is some loss by capacity division to the 
adjacent metal of the mesh, but this is small if the insulator film is 
thin compared to the spacing between wires of the mesh. By this 
means the insulator can be driven below ground potential. 
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Writing by Beam-Current Modulation 
A variation of the above principle is used in actual practice. The 

writing screen is set negative to approximately 100 volts, and the 
writing beam current is turned on during scanning to an amount only 
sufficient to drive the insulator less than 10 volts negative. Figure 5 
shows that no more than 3 volts may be necessary. The reason for 
this method of operation is that wherever the writing beam strikes, 
secondary electrons are generated. When the writing screen is only a 
few volts negative, the secondaries are first driven back into the 
bombarded spot, driving it negative to the screen potential. The areas 
just outside the spot are then the nearest positive surfaces and so 
collect the subsequent secondaries to be driven negative in turn. This 
results in broadening of the spot and shows up as a loss in resolution. 
However, if the writing screen potential is sufficiently negative, it 
drives the secondaries back to the target before they can spread very 
far and so minimizes the loss of resolution. 

One practical limit to the amount of negative potential that can be 
applied to the writing screen is the effect of the electrostatic forces 
between it and the target. At much over 100 volts, the force can be 
sufficient to stretch the writing screen or even tear parts of it loose 
from its supporting ring. These parts may then touch the back of the 
target and spark through the insulator or show lack of mechanical 
support in other ways. 

Erasure of the negative charges can be obtained by setting the 
writing screen potential back to ground and bombarding part or all 
of the target. There is now a collecting field between the negative 
areas and the writing screen and the secondary emission causes them 
to go positive to ground. The "unwritten" areas are left unchanged. 

Tube Characteristics in Mode 1 Operation 

Test Procedure 

Mode (1) was chosen for more detailed study because it seemed 
to have fewer problems than other modes in the application of radar 
to television scan conversion. Many of the characteristics have been 
described above. More specific data and the methods of obtaining them 
will be described in this section. 

Because it was considered impractical to set up a simulated radar 
system in the early stages of tube development, all testing has been 
with a television-type writing signal. The video signals obtained from 
sources such as a monoscope (type 2F21), were passed through a 
gated video amplifier. This unit shorted out the video signal except 
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for periods of 1/30 second when it was opened by a gate signal trig- 
gered by one of the vertical synchronizing signals. The repetition rate 
of this gate signal could be set at predetermined values down to once 
in two seconds, and a manual switch provided arbitrarily longer inter- 
vals between writing Hashes. This manual switch also had a position 
in which blank raster signals could be applied to the writing gun grid 
for erasure purposes. The voltage for the writing screen was also 
generated by the same signal that operated the gate. The writing 
screen was, therefore, grounded at all times except during a writing 
period. 

Writing Speed 

In the sample tubes made, the writing guns were designed for a 
maximum beam current of 5 microamperes at 2000-volt operation in 

•60 -50 -10 -30 -20 -10 0 
GRID V0LTAGE(F0R EG2 = 100V ) 

Fig. 6 Typical characteristics for the writing gun used in the experi- 
mental tube when operated at 200 volts. 

order to get the smallest spot size possible. Such currents are adequate 
for the writing speeds contemplated in radar or television applications. 
A typical set of values for beam current and first anode current are 
shown in Figure 6. If other properties such as higher beam currents 
for still higher writing speeds, or other types of deflection are desired, 
these features would be incorporated into new tubes. 

By measuring the peak video signal amplitude and the bias, it is 
possible to measure the peak beam current during writing. It was 
found that a monoscope pattern could be written onto the target in 
one pass with a peak current of 2 microamperes and with saturation 
modulation of the reading signals in the highlights when the target 

10 
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potential is set at +3 volts. Because the pattern could be considered 
as consisting of 120,000 beam spots and was written in 1/30 second, 
it can be said that the writing speed was better than .8 microsecond 
per spot. The maximum writing speed is approximately .1 microsecond 
per spot because three times more beam current was available than 
was used. 

Resolution 

First, it must be recognized that resolution is not adequately 
defined by a single number. In common television practice, the number 
of lines resolution means limiting resolution of the test wedge on a 
4 or 3 aspect rectangular pattern. Where scans other than television 
are to be used, it is more useful to define resolution in terms of per- 
centage modulation of the output as a function of the number of 
alternate black and white signals across a target diameter. For coarse 
patterns, the ratio of maximum to minimum reading output signal 
can be called 100 per cent modulation. As the pattern becomes finer, 
this ratio falls off to zero (i.e., no distinguishability). 

The limiting factor in the resolution of the Metrechon is the fine- 
ness of the mesh of the target. Both reading and writing beams are 
good enough to resolve the 720 mesh of the existing tubes. The mesh 
limits the resolution due to noise effects arising from interaction of 
the charge pattern with the writing screen and the imperfect registry 
of the writing screen with the reading screen. In other words, wires 
can shadow the landing of beam in the control areas of the storage 
surface if not properly located. This causes a reduction in resolution 
to approximately one half the theoretical limit of 900 lines as set by 
the storage target mesh alone. 

Resolution can be measured by applying to the writing gun sine 
waves from an oscillator which is synchronized with respect to the 
horizontal synchronizing pulses. The gun is biased beyond cutoff so 
that current flows only during the positive peaks of the sine waves. 
These signals can be written onto the target in a single pass, and 
provide a stored pattern of a series of vertical bars. They should be 
written just hard enough to produce full reflection in reading. The 
oscillator can be adjusted in frequency to vary the number of lines on 
the target from 25 to 300. This corresponds to a frequency range of 
.5 to 5.5 megacycles. Because horizontal deflection amplitude must 
be adjusted so that the target diameter is just covered with the lines, 
the procedure of putting down on the target a burst at approximately 
500 kilocycles and counting the lines in the reading output can be used 
to check the alignment. The alignment holds constant when higher 
frequencies are used. The reading output was measured on a line 

www.americanradiohistory.com

www.americanradiohistory.com


THE METRECHON 157 

selector oscilloscope. This procedure was used in obtaining the data 
for Figure 7. It is seen that the half-amplitude value occurs at about 
430 lines (4.25 megacycles) per target diameter. The limiting resolu- 
tions (5 per cent modulation) occurs near 550 lines per target diameter. 
If this figure is taken to be the horizontal resolution of a 4 x 3 televi- 
sion raster, then the vertical resolution is limited to 412 lines. How- 
ever, because a television raster is an inscribed rectangle in the circle 
of the target, only 80 per cent of the full target diameter is available 
for the horizontal width. Thus the limiting vertical resolution in 
television use would be approximately 330 lines. This value could be 
improved by making new tubes with finer target mesh, 1000 to 1500 
mesh having been made. Such mesh has not yet been available in 
sufficient quantity for development purposes, and therefore was not 
tried. 

Erasing 

Erasing occurs when the writing screen is at ground and the beam 

05 sVK) 15 20 25 3.0 3.5 4.0 4.5 5,0 5.5 MEGACYCLES 
I I I I I I I I I I 

IOO 150 200 250 300 350 400 450 500 550 LINES/DIAMETER 

Fig. 7—A typical resolution curve. 

strikes a negative area. Secondaries are collected until the area reaches 
ground. However, the collection efficiency decreases as the potential 
difference decreases due to the space charge of the emerging second- 
aries. Therefore, the rate of erasure decreases asymptotically as 
equilibrium is approached. Thus, the erasing is higher for strong 
written signals than for weak ones and complete erasure on a single 
scan is not possible unless the scanning speed is very low. 

Measurements on erasing speed were made by writing a full signal 
bar pattern and "flash" erasing by a blank raster signal of known 
current. The amount of remaining signal was read by a line selector 
oscilloscope as in resolution measurements. It was found that the 
output signal amplitude dropped to about 35 per cent on a single 
erasure with a beam current of 4.5 microamperes for 1/30 second. 
The second flash dropped it to below 10 per cent. Thus, over 90 per 
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cent erasure could be obtained by two passes. After four passes, the 
remaining signal was down in the noise on the oscilloscope and barely 
discernible on the display kinescope. Lower erasing beam currents, 
of course, lower the erasing rate to arbitrarily low values. 

A suggestion for operating equipment, especially for develop- 
mental or test purposes, is to include a means for switching the target 
and writing screen together up to +80 or +100 volts. This brings the 
target above the first crossover and allows the reading beam to com- 
pletely erase all stored charge by secondary emission. The writing 
beam should also be turned on to erase all charges on the back of the 
target at the same time. Switching back to operating potentials now 
provides a target free of all residues of old signals. 

Halftone Response 

Good halftone response means that the output signal is proportional 
to the input signal amplitude. The input signal is effective in terms of 
charge "written" on the insulator and, for a given scanning speed, is 
proportional to the writing-beam current. However, the latter varies 
with the square (or higher power) of the shift of grid voltage from 
cutoff bias, as is true for most cathode-ray guns. Therefore, the writing 
signal should be put through a nonlinear circuit which compresses 
the positive values of signal to the square root (or less) of the initial 
amplitude.8 Unless such a device is used and properly adjusted, the 
input-output curve of the tube will be distorted by the nonlinearity 
of the writing gun. 

In order to bypass such circuit problems for test purposes, the input 
signal was simulated by setting the writing screen to some negative 
direct-current value and turning on the writing beam as a blank 
raster to bring the insulator to screen potential by secondary emis- 
sion. An output signal can now be obtained as a function of the 
insulator potential. Such curves are shown in Figure 8 for small 
changes in target mesh potential. The output signal scale was adjusted 
to provide equal saturation values in order to compare curve shapes. 
These curves also show the constant slope and shift of horizontal 
position that was found in Figure 5 described above. 

In general, the control curve is linear in 70 to 80 per cent of the 
operating range. The choice of operating curve depends on whether 
one wishes to use it to show all input signals or to clip off (with 
respect to output) the weak signals. Also, the erasure can be faster 
and more nearly the same for both small and large signals if the curve 

8 B. M. Oliver, "A Rooter for Video Signals," Froc. I.R.E., Vol. 38, 
p. 1301, November, 1950. 
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is chosen that does not start to rise at the zero point but later as in the 
2.9-volt curve of Figure 8. 

The control characteristic may also vary with location on the target 
area due primarily to imperfect adjustment of landing uniformity. 
The test samples built to date have not been designed to reduce this 
error to a minimum. The result is that the operation has been uniform 
to better than 10 per cent in the area of four-fifths of the target 
diameter. Flaws of various kinds may also contribute errors, but there 
is reason to expect less than 5 per cent errors with well made tubes. 

The uniformity of response over small areas is better than over 
the whole target. In other words, it is possible to detect small differ- 
ences in input with respect to the surrounding area even though the 
whole target may show a shading effect many times larger. Although 
this small area uniformity has not been measured, it may be close to 

INPUT SIGNAUAS INSULATOR VOLTS) 

Fig. 8—Typical inpuf^output transfer characteristics for different target 
mesh potentials. 

1 per cent. For some applications, such as search radar, it may be of 
considerable use to a trained operator. 

It should be noted that reading decay will also be affected by the 
control curve. A stored signal is reduced at a constant rate during 
continuous reading. Therefore, the input signal ordinate of Figure 8 
can be regarded as a time axis read backward, and the output signal 
falls off along the chosen control curve. It is apparent that for some 
of the curves there may be a residue of stored signal, due either to 
incomplete decay or incomplete erasure, and yet no output signal is 
present. This residue may affect the halftone value of subsequent 
writing. 

Storage Properties 

The storage of signals in the tube may be considered from several 
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points of view depending on the application. If a signal is written in 
and the tube turned off, the signal will decay at some rate determined 
in the limit by the resistivity of the insulator. This might be called 
"retention time" and is exponential in time with a time constant 
(decay to 1/e of the initial value) of several days or more. If a signal 
is written in and the reading process is by mode (2), the signal 
is held indefinitely in either of the two stable values, and there is no 
loss with time. If a signal is written in and reading is by mode (1) 
operation, then the decay varies with reading beam current, reading 
duty cycle, gas pressure, position on the target, and choice of control 
characteristic. This can be called "reading decay," and the term 
"reading duration" can refer to the time for a signal to decay to half 
its initial value. Reading duration is of the order of 10 minutes with 
continuous scanning at standard television rates. The signal can also 
be written in and some partial erasure by the writing beam be allowed 
to shorten the reading duration if so desired. Storage can thus be 
decreased to the limit set by erasing speed and scanning rates. 

Since mode (1) reading is of major interest, its decay can be 
described as follows: Assume that a charge pattern has been written 
on the target and then all writing has been stopped. Eeading is then 
started by scanning at standard television rates. The output signal 
slowly begins to fall off primarily due to the landing of positive ions 
on the target. These are generated by the reading beam colliding with 
the residual gas molecules in the tube which are present because nor- 
mal tube processing causes the ultimate vacuum to fall in the range 
of 10~8 to lO^7 millimeter of mercury. By setting the potential of 
the decelerating screen 5 to 10 volts positive with respect to the wall 
electrode, it is possible to repel all of the ions generated in the wall 
space. Some ions are generated in the space between the decelerating 
screen and the target, but these are less than 10 per cent of the total 
number generated and so cause little loss of signal in even a half hour 
of continuous reading. The major effect is due to ions generated in 
the higher potential region of the first dynode and possibly in the 
multipliers. Because the ions are not deflected, their landing is con- 
centrated as a large defocused area near the center of the target. In 
general, the rate of decay of signal output is linear with reading time. 

Mechanical Resonance 

The target and writing screen are both thin membranes under 
tension on a support ring and, therefore, have mechanical resonance 
frequencies in the same sense as a drum head. Also, in many types of 
operation, it is necessary to switch the voltage between them at some 
cyclic rate and, therefore, the screens will be periodically mechanically 
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driven by the electrostatic forces. If the switching rate of the writing 
screen happens to be at the resonant frequency of either of the screens, 
the amplitude of resonance will give rise to audible sounds from the 
tube and, in the extreme, may cause damage by tearing of the screen 
from its support. There is very little damping because the tube is 
evacuated. Therefore, care should be taken to avoid exciting such 
resonance. However, because there is little damping, the resonant 
frequency is quite sharp and slight detuning is generally sufficient 
to avoid trouble. 

The application for which the tube was developed is the storage 
of radar PPI (plan position indicator) patterns and their conversion 

to television-type scan for viewing on a kinescope or relaying by 
television techniques to a remote point. This was the purpose of the 
Graphechon,3 but its lack of halftone response was a limitation. 
Although no tests have as yet been made with radar systems, it is 
expected that the halftone operation of the Metrechon will provide 
increased detectability of signal in the presence of noise over the 
Graphechon and over the direct viewing of radar in a P7 phosphor 
cathode-ray tube. It is expected that the stable storage of the initial 
signal values will give an operator more time to search for small 
differences as compared to his having to follow the strobe with his eyes 
in order to catch them before they decay. Because the tube integrates 

Possible Applications 

Fig. 9—The Metrechon tube. 
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input signals, it could take full advantage of integration to improve 
signal-to-noise ratio for final display. The erasure can be set to partial 
or full as desired and controllable with respect to area if the system 
so requires. A number of such possibilities have been considered and 
more may be found. 

With some modification, including the use of electrostatic deflection 
plates, the tube may prove useful for storage of fast single transients. 
The performance of the Graphechon in such applications3 may be 
equalled or exceeded by the Metrechon. The tube may also have use 
in nuclear physics for storing pulses occurring at too great a rate for 
conventional equipment to handle, and then counting and analyzing 
the reading output at more practical rates. The pulses can be applied 
to the grid of the writing gun to produce up to 10 million pulses per 
second or more if necessary. The writing beam can be scanned in a 
rectangular raster to spread the spots of charge over the target for 
the duration of one "frame" which can be chosen to allow 10,000 or 
more spots to be stored. A reading system can then be designed to 
count and measure the magnitude of the stored charges at slower rates. 
There are undoubtedly problems that must be solved before such a 
system can be practical, but it looks like it might be a valuable tool 
for research work. 

Another application might be the storage of one frame of a televi- 
sion picture created, for example, by an industrial television system 
and used to catch an event that occurs only intermittently. The tube 
has been tested for this purpose and, while it necessarily causes some 
deterioration of the picture quality, it does work fairly well. 

Many other applications for the tube will be considered and tried 
as its properties become known to people with special problems. 
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SYNTHESIS OF CONSTANT-TIME-DELAY 

NETWORKS t 

By 

Murlan S. Corrington and Richard W. Sonnenfeldt 

Consumer Products Division, Radio Corporation of America, 
Camden, N. .J. 

Summary—When a lotv-pass filter has a coyistavt time delay, the 
response to a unit-step function will be symmetrical about the fifty per 
cent rise point. Such a transient response is very desirable in television 
receivers since it increases the apparent detail contrast and the sharpness 
of transitions from black to white, resulting in a high-quality picture. 

The desired frequency response can he analyzed as a Fowrier series 
in frequency. The terms of the series can be synthesized easily by pieces 
of delay lines, the responses of which are then combined in the proper 
proportion to give the desired frequency response. Low-pass, band-pass, 
and band-rejection filters can be synthesized, all at constant time delay. 

A discussion of the transient respo7ise of non-minimum-phase-shift 
networks is given. 

N amplifiers, such as are used in television equipment, it is often 
desirable that the transient response to a unit-step function be 
symmetrical about the fifty per cent point. This usually increases 

the apparent detail contrast and the sharpness or quality of the picture 
in the transitions from black to white, resulting in a high-quality 

An introductory theory of the transient response of low-pass filters 
having minimum net phase shift will be given, and then by moving 
zeros of the transfer function successively to the right half of the 
complex frequency plane, the theory of non-minimum-phase-shift net- 
works will be developed. Following this theory the performance of 
constant-time-delay networks will be discussed. It will be shown how 
the selectivity curve can be expanded in a Fourier series and the 
desired curve synthesized by a term-by-term combination of the suc- 
cessive terms of the Fourier series. An additive method of synthesis 
as well as a cascade method will be presented and experimental results 
obtained with such equipment will be shown. 

* Decimal Classification; R143.4. 
t A substantial part of this paper was presented at the National 

Electronics Conference, Chicago, Illinois on September 28, 19S3 and was 
published in the 1953 issue of the Proceedings. 

Introduction 

picture. 
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Shunt Peaking Ciecuits 

If a tuned circuit has a very low Q, there will be a slight rise in 
the selectivity curve when the circuit is resonant to the driving force. 
In Figure 1 let the peaking coil L be added in series with the load 
resistor R. The normalized impedance of this circuit is 

pL 
1 +  

Z R 

R 1 + pRC + p-LC 

1 + Qp 
U) 

1 + p-Q + p 

1 lO> MqL 
where <o0 = , p = , and Q = . 

RC u-o R 

Fig. 1—Low-pass filter with shunt peaking coil. 

If the Q of the circuit is varied by changing the inductance, L, of the 
peaking coil, the selectivity curves for k circuits in cascade will be 
as shown by Figure 2. For a single circuit, k = 1. (3 = 0 corresponds 
to L = 0 and is the usual RC characteristic. All curves start out flat 
at low frequencies and are asymptotic to the same dotted line of unit 
slope (20 decibels per decade) going through unit gain at u>/o>n = l. 
The frequency of greatest gain decreases as Q increases, since the 
LC product increases with L. The dotted line is for a semi-infinite 
constant-slope low-pass filter.1 The corresponding phase curves are 
given by Figure 3. The phase shift from zero to very high frequencies 
is ninety degrees per section of filter. 

The time delay in seconds for such a filter will be defined as minus 
one times the phase shift in radians divided by the angular frequency 
in radians per second. The curves of Figure 4 show the normalized 
time delay per section of filter. All curves are flat at the origin, and 

1 Hendrik W. Bode, Network Analysis and Feedback Amplifier Design, 
D. van Nostrand Company, Inc., New York, N. Y., 1945. Chapter 15. 

www.americanradiohistory.com

www.americanradiohistory.com


CONST ANT-TIME-DELAY NETWORKS 165 

NORMALIZED FREQUENCY- OVWo 

Fig. 2—Amplitude characteristics for low-pass filter. 

the initial value is 1 — Q. When Q > 1 the time delay is negative at 
low frequencies. All curves approach the zero time delay axis asymp- 
totically at high frequencies. 

The response of these filters to a unit-step function can be computed 

Fig. 3—Phase curves for low-pass filter. 
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from Equation (1) by means of the usual Laplace transform tables.2 

The curves of Figure 5 show these results for a single section of filter, 
fc = 1. The time axis is in radians at the cutoff frequency mn. Q = 0 
is the usual RC charging curve which, like the others, starts out with 
unit slope. As Q is increased, the overshoot increases rapidly; the 
ringing becomes more and more pronounced. The curve for A, (a) is 
for a semi-infinite constant-slope filter.3 The maximum Q that will 
not produce overshoot is 0.25. 

Transfer Function of Lattice Network 

If a lattice has impedances Zx and Z:i in the series arms and Z.2 and 

Fig. 4 

NORMALIZED F R EOU EN C Y ■ <u/iu0 

—Time-delay curves for low-pass filter. 

Zi in the shunt arms, as shown by Figure 6, the network has the 
transfer function 

e., Z.,Zi — Z^Zx 
(2) 

Cl (Zy "l" Z4) {Z-_, -f- Z3) 

2 Murray P. Gardner and John L. Barnes, Transients in Linear 
Systems, Vol. I, John Wiley & Sons, Inc., New York, N. Y., 1942, Appendix 
A, pp. 332-356. 

3 Murlan S. Corrington, "Transient Response of Filters," RCA Review, 
Vol. 10, pp. 397-429, September, 1949. 
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Pig. 5—Response of low-pass filter to unit-step function. 

where el is the input voltage, is the output voltage, and the Z's may 
be any complex impedance. For the symmetrical lattice let Z, = 
and Zo = to give the transfer function 

Z., — Zi 

el ^2 "f" ^1 
(3) 

1 
In the special case where Zl — and Zo = R, shown by Figure 7(a), 

PC 
the transfer function is 

P + 

1 

RC 

1 

RC 

(4) 

Fig. G—Lattice network. 
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which is an all-pass lattice, since the absolute value is one at all fre- 
quencies. It is thus evident that if such a symmetrical lattice is used 
in cascade with the low-pass filter, the lattice will have no effect on 
the selectivity curve. 

By means of the Laplace transform tables2 the unit-step response is 

t 

A(t) =2e ""-1 (5) 

which is shown by Figure 7(b). The zero of Equation (1) is at 
p = —l/Q- If RC = Q in Equation (4), the lattice will cancel the zero 
on the axis in the left half of the complex frequency plane and move 
it to the corresponding- point on the axis in the right half of the com- 
plex frequency plane. Thus it is possible to have more than one phase 
curve for a given amplitude response, and the transient responses will 
then be different. Similar results can be obtained by letting Z1 = R 
and Z2=pL. It should be noticed that interchanging Zl and Z2 in the 
symmetrical lattice merely changes the polarity of the output and has 

Fig. 7—Transient response of symmetrical lattice. 

no other effect on either the amplitude or phase responses. If wTe let 
Zx = 2a and Z2 = p -f- {a? + b2) /p, as shown by Figure 8(a), the trans- 
fer function becomes 

e2 Zn — Zx p — a — ih p — a + ib 
■ = — =  (6) 

fii Z2+Z1 p + a — ih pa + ih 

which moves the conjugate zeros p = — a±ib to p = + a ± ib. The 
response of this lattice to a unit-step function can be derived by the 
usual Laplace transformation as follows: 

1 (p — a)2 + b2 1 4a 
 =  . (7) 
p (p + a)2 + b2 p (p + a)2 + b2 

The inverse transform is the response to a unit-step function 
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j 

' ^ Wv x ' o 2o 
(o) 

Fig. 8—Transient response of 

4a 
A(t)=U{t) — e-otsinM. (8) 

b 

where U (t) is the unit-step function. This is plotted on Figure 8(b) 
for a = 1 and 6 = 2. 

Effect of Moving Zeros on Unit-Step Response 

If the network of Figure 1 is used in cascade with the lattice of 
Figure 7 and the constants are adjusted so the zero is moved from the 
left half of the complex frequency plane to the right, the resulting 
response to a unit-step function, for a single section, k — 1, is as shown 
by Figure 9. The curves start out with a negative precursory swing 
followed by the rise to the final value of unity. When Q does not exceed 
0.25, the curve approaches the final value of unity with no oscillation. 

symmetrical lattice. 
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For higher values of Q there is an overshoot followed by a rapidly 
decreasing oscillation about the final value. 

When Figure 9 is compared with Figure 5, they show that moving 
the zero to the right half of the complex frequency plane adds a nega- 
tive precursory swing to the response to the unit-step function, follow- 
ing which the curve increases to its final value of unity in a manner 
similar to that of the minimum-phase network. For the higher Q's, 
this negative overshoot of Figure 9 is somewhat similar in amplitude 
and shape to the positive overshoot which follows the main rise to unity. 

If two low-pass circuits of Figure 1 are cascaded with a single 
lattice of Figure 7, the effect is to move one of the zeros to the right 

j_ 

/ 
■ 

-r\ 
___ 

1/ 
/ 
/ — 
/ UNIT-STEP RESPONSE 

k -2 
ONE ZERO IN 

RIGHT HALF PLANE 7 y 
/ ol $ 
/ / 

"tot 

Fig. 10—Effect of moving one zero to right half plane, k = 2. 

half plane, leaving the other in the left half plane as before. The unit- 
step response is shown by Figure 10. As before, there is a precursory 
swing in the negative direction before the circuit begins its rise to 
the final value of unity. 

If two sections of the lattice of Figure 7 are cascaded with two 
sections of the filter of Figure 1, the effect is to move both of the zeros 
from the left half plane to the right half. The curves of Figure 11 
show the unit-step response of such a network. There is a small positive 
swing, followed by a negative one, before the circuit begins its main 
positive swing to its final value of unity. Here again there is consid- 
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erable symmetry between the large negative ripple and the positive 
overshoot which follows the main rise to the final value. 

The precursory ripple can be explained in terms of the charging 
up of the lattice of Figure 7(a). When a positive unit-step of voltage 
is applied to the upper input terminal it goes right through the series 
capacitor, making the upper output terminal positive. Later on, when 
the transient is over, the capacitor will no longer conduct current and 
the lower terminal becomes positive. This is why the output voltage 
starts out in one direction and then reverses after the lattice is charged 
up. In a similar manner two lattices in cascade will cause two such 
reverses, as shown by Figure 11. 

Fig. 11—Effect of moving two zeros to right half plane, k = 2. 

Constant-Time-Delay Networks 

The preceding discussion shows that in order to produce a transient 
response where there is a negative swing of voltage followed by a 
main rise and a positive overshoot followed by a rapid approach to the 
final value of unity, it is desirable to use non-minimum-phase-shift 
networks. It can be shown by means of the Fourier integral for the 
response to a unit-step function1 that for the response to be sym- 

4 W. L. Sullivan, "Analysis of Systems With Known Transmission- 
Frequency Characteristics by Fourier Integrals," Elec. Eng., Vol. 61, pp. 
248-256, May, 1942. 
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Fig. 12—Constant-time-delay filters. 

metrical about the fifty per cent point it is necessary that the network 
have phase shift proportional to frequency, or that the time delay be 
constant. 

If we assume a low-pass filter which has a constant time delay and 
various rates of cutoff, such as shown by Figure 12, it is possible to 
use the Fourier integral to compute the response to a unit-step function 
as shown by Figure 13. These filters are not physically realizable since 
they have infinite attenuation over a finite bandwidth, but are used to 
simplify the analysis. In a practical case there will be small ripples in 
the response beyond cutoff. 

A filter which is flat to unit frequency and then cuts off sharply 
will have the response to unit-step function shown by the curve marked 
"sharp cutoff" in Figure 13. This curve is symmetrical about the 

Fig. 13—Unit-step response of filters. 
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fifty per cent point and is delayed in time by an amount equal to the 
time delay of the filter. There is a negative and a positive overshoot 
of approximately nine per cent. If the bandwidth of the filter is 
increased by adding a linear cutoff, as shown by Figure 12, the response 
will be somewhat more rapid, as shown by the curve marked "linear 
cutoff" in Figure 13. As before, the response is symmetrical about the 
fifty per cent point, having a negative and positive overshoot of 
approximately seven per cent. If the bandwidth is further increased 
by letting the rolloff be parabolic, the rise is somewhat more rapid, 
but the overshoot is approximately the same, as shown by the curve 
marked "parabolic cutoff" in Figure 13. 

Fig. 14—Square-wave response, sharp-cutoff filter. 

The response of the sharp-cutoff filter of Figure 12 to a square 
wave is as shown by Figure 14. If the repetition rate is so high that 
only the fundamental component of the square wave can be passed by 
the filter, the response will be a sine wave, shown by the curve N = 1. 
If the repetition rate is decreased so that two terms of the Fourier 
series for the square wave can be passed by the filter, the output will 
be shown by the curve N = 2. In a similar manner, by further decreas- 
ing the repetition rate until more harmonics are passed, the response 
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will more nearly approximate the square wave, as shown by curves 
labeled N = 3, 4, and 5. In a similar manner, if a square wave is 
applied to the linear filter, Figure 12, such that the repetition rate 
occurs at the frequency wy = 1, the third harmonic will occur at a 
frequency equal to three, and is therefore stopped by the filter. 

Since only the fundamental component is passed, the response is 
a simple sine wave shown by Figure 15. If the repetition rate is 
decreased so that the fundamental frequency is 1/2, the third harmonic 
will be passed with an amplitude equal to 0.5 and the resulting response 
is shown by the curve of Figure 15 labeled a)0 = 1/2. If the repetition 

rate of the square wave is one-fourth of the cutoff frequency of the 
linear filter of Figure 12, the third harmonic will be passed with full 
amplitude, the fifth harmonic at 3/4 amplitude, and the seventh har- 
monic at 1/4 amplitude, to give the response shown by the curve labeled 
(ij0 = l/4 in Figure 15. 

Fourier Synthesis of Selectivity Curves 

The selectivity curves of Figure 12 can be expanded in a Fourier 
series with frequency as the independent variable. For the sharp- 

180 
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Fig. 15—Square-wave response, linear-cutoff filter. 
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cutoff case the fundamental component will be as shown by the curve 
labeled 2V = 1 of Figure 14, except that the X-axis is now frequency 
instead of degrees. Two terms of the series will give the curve labeled 
N =2, and additional terms are shown by the curves labeled N = 3, 4, 
and 5. A constant term can be added to move the origin from the point 
shown to —0.5 on the vertical amplitude axis. The curves of Figure 14 
then represent low-pass filters where the abscissa corresponds to fre- 
quency. In a similar manner, the linear-cutoff low-pass filter of Figure 
12 can be approximated by 1, 2, or 4 terms of the Fourier series, as 
shown by Figure 15. In the general case, where the equation for the 
amplitude response is not known but where the points are obtained 
from laboratory measurements, or where the formula is too compli- 
cated to evaluate the Fourier coefficients easily, the amplitudes can be 
found by means of harmonic analysis schedules.5 

The successful synthesis of filters by means of a Fourier series 
representing the selectivity curve requires elements which correspond 
electrically to individual terms or to groups of terms of the desired 
Fourier series. For constant-time-delay filters these elements must 
each have the required selectivity curve, while at the same time each 
must have constant time delay. The amplitudes of the individual 
selectivity curves are then adjusted to correspond with the terms of 
the series to be synthesized. 

Transducers having selectivity at constant time delay are well 
known. For instance, they are found in television systems wherever 
light energy is converted into electrical energy with a finite scanning- 
spot size. The finite magnitude of the scanning spot used in pick-up 
and reproducing devices such as iconoscopes, image orthicons, kine- 
scopes, etc., causes aperture distortion, since the finite spot cannot 
scan fine lines properly. The resulting resolution or selectivity is re- 
lated to the spot size and velocity, the scanning repetition rate, and 
other factors.6 

In the early stages of experimental work with systems having sym- 
metrical transients, aperture distortion response functions were used 
in conjunction with so-called aperture corrector circuits to obtain 
sharp-cutoff low-pass filter sections. Their usefulness is, however, 

5 R. P. G. Denman, "36 and 72 Ordinate Schedules for General Har- 
monic Analysis," Electronics, Vol. 15, pp. 44-47, September, 1942. Correc- 
tions by F. W. Grover, Wave Analysis Schedules, Electronics, Vol. 16, pp. 
214-215, April, 1943. In addition to the errors listed, in column one, p. 215, 
for "Column for Bn and B.,,, line for a = 20°, for A,, read As," read ". . . 
for As, read —-Aj." 

6 Pierre Mertz, "Television—The Scanning Process," Proc. I.R.E., 
Vol. 29, pp. 529-537, October, 1941. 
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severely limited and they ai'e cumbersome and expensive. A simpler 
element having a cosine amplitude function of frequency is desirable 
to obtain exact correspondence with the Fourier series for the selec- 
tivity curve. 

Transmission-Line Theory 

Low-loss transmission lines open at the receiving end and driven 
from their characteristic impedance have the following property. As 
shown in the Appendix, if a transmission line d electrical units long 
has inductance L per unit length and capacitance C per unit length, 
then at a frequency m the voltage at a point x units from the receiving 
end, as shown by Figure 16, is 

Ex - Eg e~m cos dx. (9) 

This is a voltage of amplitude Eg cos Ox having a lagging phase angle 
of Od radians, which gives a constant-time-delay of ( LC) id. 

The sending end voltage is 

Ed = Ea e-m cos Od. (10) 

The receiving end voltage is 

E0 = Ege-m. (11) 

From Equations (9), (10), and (11) it is seen that the voltage at any 
point on the line lags the generator voltage by the same phase angle Od. 

Additive Method 

Figure 16 shows a schematic presentation of how such voltages 
may be combined to yield successive terms of a Fourier series. The 
taps are equally spaced so the voltage on the «th tap is En = Eg e~m 

cos n9. All the terms with positive signs are collected on a bus, after 
proper attenuation; similarly all the terms with negative signs are 
collected on another bus and are then inverted in polarity. The two 
groups of terms are combined in accord with the harmonic-analysis 
schedule of the selectivity curve. 

This method yields only a finite number of terms and is therefore 
not a precise equivalent of the Fourier development of the selectivity 
curve, except in those cases where this development is a finite series. 
Experience has shown that the approximations are acceptable for 
practical purposes because, by proper choice of the "repetition rate" 
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of the selectivity curve, rapidly converging Fourier series can be 
obtained. 

In Figure 16 it is implied that the attenuating sections do not 
significantly load the line, and their impedance must accordingly be 
high compared to the impedance of the line. The conventional coaxial 
transmission line is difficult to tap for this type of filter. A parallel- 
conductor type of line is easier to use, but experience has shown that 
well-designed lumped-constant lines are suitable for this purpose. It 
must be clearly understood that the passband of such a filter must 
always be less than the passband of the individual elements of which 
it is made. For the filter to have constant time delay in its working 
band, the elements must be used over only that portion of their band- 
width for which the phase is linear. 

Such crude approximations to transmission lines as filters of the 
constant-k type are usable whenever they have sufficient inherent band- 
width to permit linear-phase operation of the filter over its passband. 
The sole disadvantage is the waste of impedance entailed by working 
the elements over the small linear-phase portion of their bandwidth. 
More complex structures can overcome this disadvantage to a startling 
degree.79. 

Cascade Method 

A finite Fourier series for the selectivity curve can be rewritten in 
terms of a series of powers of harmonic functions rather than in terms 
of functions of multiple angles. For instance, consider the finite series 

1 2 1 
S = 1 cos ft cos 3(8 

2 tt STT 

13 4 
= 1 cos/? cos3/?. (12) 

2 77 377 

This is the equation of the curve marked m,, = 1/2 in Figure 15, with 
the frequency axis moved down 0.5 unit. Let it represent a selectivity 
curve for a low-pass filter with repeated responses beginning at 270°. 

7 Marcel J. E. Golay, "The Ideal Low-Pass Filter in the Form of a 
Dispersionless Lag Line," Proc. I.R.E., Vol. 34, pp. 138-144, March, 1946. 

8 Heinz E. Kallmann, "Equalized Delay Lines," Proc. I.R.E., Vol. 34, 
pp. 646-657, September, 1946. 

9 A. J. Ferguson, "Note on Phase Correction in Electrical Delay Net- 
works," Canadian Journal of Research, A, Vol. 25, pp. 68-71, January, 1947. 
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Equation (12) can be factored to give 

4 
5 = (cos (8 + 0.64279) (cos/?— 1.71429) (cos + 1.07149). (13) 

Stt 

Inspection of this equation indicates that three cascaded elements, each 
corresponding to one of the expressions in the brackets of Equation 
(13), and a gain of 4/(37r) can furnish an exact equivalent of the 
finite Fourier series for the selectivity curve S of Equation (12). The 
cutoff rate of the filter can be increased by using more terms in the 
series of Equation (12), resulting in additional factors in Equation 
(13). 

It can be shown that the Fourier series for a real function having 
even symmetry about the origin can only have cosine terms, and that 
all coefficients must be real numbers. When cosine functions of multiple 
angles are replaced by power functions of the cosine, in order to obtain 
a polynomial in cos /?, a polynomial with real coefficients results. The 
roots of such a polynomial are either real or occur in conjugate pairs. 
Real roots may be either positive or negative, resulting in cascade 
element factors of the type (cos /? — a) or (cos (3 + a). These are 
readily constructed as will be shown in the following section. 

Pairs of conjugate complex roots correspond to cascade elements of 
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the type (cos/? a — il>) and (cos/?- a + ih). Upon multiplying the 
two together, a real number is obtained. 

(cos /? — a — ib) (cos /3 — a + ib) 

1 J 
= — cos 2/? H 2a cos /? — b- + a-. (14) 

2 2 

Cascade filter elements for this type of factor are also available, as is 
shown in a later section. 

Synthesis for Real Roots 

In Figure 17 (a) a transmission line open at the receiving end and 
driven from its characteristic impedance at the sending end is shown. 
From Equations (10) and (11) the sending and receiving end voltages 
are 

fi",, = En e - <'!(' cos Od 

and E0 = Eg 

respectively. 
If the network consisting of A',, and Rb in Figure 17(a) is connected 

to the transmission line as indicated by the dotted lines, and if Rn and 
Rb are much greater than the line impedance so that the loading is 
negligible, the voltage E at the junction of Ra and Rh is seen to be 

Ra R, 
E — E() -f   Ei 

Ra + Rb Rn + Rh 

R* Ra 
 Ea (cos ed H ) e~wd (15) 

Ra + Rb Rl, 

which is the form required for negative real roots, resulting in cascade 
terms of the form k (cos /3 + a) and a delay angle Od. 

Figure 17 (b) shows a delay line with a differential amplifier, where 
the differential voltage is between the grid and cathode. It is assumed 
that the cathode impedance is sufficiently low compared to the plate 
load RL that it produces negligible cathode impedance feedback. The 
voltage applied to the input to the line is 

E,= 
R 

( ) E,, e-m cos Od 
Rc 

(16) 
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where R 
R,. i R„ + Rb) 

R i + Ki, + R< 

is the equivalent resistance of Rc in parallel with Ra and Rb in series, 
and is the termination of the line. 

The voltage applied to the cathode is 

RgR 

E,c = ■ E„ e-m cos dd. 
Ra + R„ 

(17) 

Eout 

(0) (b) 

Fig. 17—Synthesis of cascade terms. 

The grid voltage is 

R 
£'„=( ) Ea e-m. (18) 

Rc 

The grid-cathode voltage is 
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Rn 
H ul — E(\ Et: ■E„ k "(7 

+ -^6 + R. 

R,. 
1 +- 

R.. 
cos dd e-m. (ig) 

The plate output voltage is 

Ep — I'-Egk ~ 
Rl 

Rl + R, 
(20) 

where /t is the amplification factor of the tube, RL is the load resistor, 
and Rp is the plate resistance of the tube. 

R, Ra 
E„ = /i 

Rr, + Rp Ra + Rl, + Ra 
[coj En cos dd 

Ra + R* 

R 

3 — i0<l (21) 
a — 

which is of the form k(cos p — a) where k and a are constants. This 
is the form required for positive real roots. 

Synthesis for Conjugate Roots 

Complex conjugate root pairs present a somewhat more difficult 
problem. Consider the complex conjugate factors (cos/? — a — ih) and 
(cos/3 — a + ih). A network can be found to represent the conjugate 
pair of roots accurately. In Figure 17 (c) a transmission line with a 

1 
center tap is shown. In Equation (9), let x = —d so 

2 

1 
tf.^F^e-i'Wcos —fld. (22) 

2 

If connections are made to the grids of the differential amplifier 
Vi — V.,, the output voltage Ev will be of the required form when Rx 

and R.. are set for the proper coefficients. This type of differential 
amplifier is well known.10 

Resistor Ri allows variable ratio addition of sending and receiving 

1 1 
end voltages to obtain the terms —cos 2/? H a- h~ in accord with 

2 2 

10 George E. Valley, Jr. and Henry Wallmann, Vacuum Tube Amplifiers, 
M.I.T. Radiation Laboratory Series, Vol. 18, McGraw-Hill Book Company, 
Inc., New York, N. Y., 1948, p. 442. 
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Figure 17(a). Resistor R* permits subtraction of the term 2a cos ,8 
by selecting the proper amount of the center tap voltage. The output 
voltage is therefore 

1 
where /? = —Qd. 

2 

According to these results an approximation to the Fourier develop- 
ment of the selectivity curve obtained by taking the first n terms of 
the series can be accurately obtained from n circuits in cascade. When 
possible, they should be cascaded directly by stepping up impedance 
levels between elements to prevent loading effects. In general, how- 
ever, an isolating amplifier between sections is highly desirable. 

Comparison of the cascade and additive methods indicates that the 
additive method offers a more straightforward approach due to the 
ready availability of elements representing the terms of the Fourier 
series directly. It has the disadvantage that a great number of gain 
settings have to remain fixed in order to maintain the proper relation- 
ship between the coefficients of the Fourier development of the selec- 
tivity curve. The cascade method has the advantage that the gain of 
the different cascade elements may vary, one with respect to the other, 
without affecting the selectivity curve. It has the disadvantage that 
more mathematics is required to obtain the cascade elements which 
represent the desired Fourier series. The number of terms required 
for a good approximation to a desired selectivity curve will usually be 
the deciding factor in choosing which of these methods is to be em- 
ployed in a specific case. 

In Figure 14 it is seen that the selectivity curve is a repetitive 
function with symmetry about the zero-frequency ordinate. It is gen- 
erally desirable to obtain only one passband or one stopband. One 
possible way of doing this is to adjust the Fourier development in such 
a manner that undesired repetitions of the selectivity curve fall outside 
the passband of the remaining portions of the system with which the 
filter is to be associated, since band limiting is inherent in most systems. 
Where such band limiting is not present to an adequate degree, and 
multiple response regions are widely separated, it is usually found that 

Suppression of Multiple Responses 
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the Fourier series does not converge very rapidly, so that a great many 
filter elements are required to obtain the desired response function. 
Another and more expedient approach is available. The elements them- 
selves may be given bandwidths in excess of the bandwidth of the 
composite filter by an amount sufficient only to maintain linear phase 
over the pass region of the composite filter. The cutoffs of the elements 
are then designed so the attenuation is rapid outside the passband. 
Certain lumped-constant approximations to transmission lines are 
suitable since it is possible to obtain essentially constant time delay 
from them over extended portions of their passband.7-9 

A third possibility is for the filter to be followed by a conventional 
filter of good phase characteristics over the desired selectivity curve 
and high attenuation in the undesired response regions. This is gen- 
erally possible since, according to the Fourier development, passbands 
and stopbands occur alternately and there is no restriction on the 
phase of the supplementary conventional filter for frequencies in the 
stopband of the Fourier development filter. 

Experimental Results 

Filters based on the principles discussed above have been con- 
structed and their actual performance has been found to be in sub- 
stantial agreement with the theory. They have been advantageously 
used for band limiting and band splitting in color television applica- 
tions, and have been adapted to perform the functions of linear-phase 
high-frequency peaking as well. 

To design a line to give a low-pass filter of specified bandwidth it is 
usually desirable that the low-pass bandwidth of Figure 14 correspond 
to approximately one-half the width of the band rejection which follows. 
This gives rapid convergence of the Fourier series. For a line of 
lumped constants, the fundamental component of the Fourier series 
requires a length of line determined by 0=7r/2 or LC = 1/(16/0

2) 
where /0 is the first point of infinite rejection of the filter. 

The line is designed by selecting the characteristic impedance de- 
sired, which gives L/C. The L and C values are then selected to give 
a reasonable size wire and spacing. For constant delay the usual theory 
of the distortionless line is used. The articles by Golay,7 Kallmann,8 

and Ferguson9 give the details of the design. 
For laboratory purposes it is useful to have a filter built according 

to Figure 16. Each tap can be connected to either side of the line by 
the double-throw switch. Each amplitude is adjustable by the variable 
resistor. If the fundamental is taken from tap 1, the second harmonic 
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from tap 2, etc., a certain bandwidth will be obtained which can be 
varied some by proper choice of the resistors Ry Ro, etc. By such a 
process a wide variety of bandwidths can be synthesized rapidly by 
nroper choice of taps. 

sin m 
Figure 18 (a) shows the square-wave response of a filter that 

(it 

was designed to give a linear response to a unit-step function, followed 
by a sharp corner and a constant value following the rise. The ampli- 
tude response to a linear sweep is shown above the square-wave re- 
sponse. Figure 18(b) shows a filter that has a sharp linear cutoff. 
The two markers on the selectivity curve, which is the upper curve. 

/•> 1 > — 
-r W W W "w 

'' v^v" -VW 

'—  

(a) (b) 
Fig. 18—Amplitude and square-wave responses of filters. 

are at 2100 and 2700 kilocycles respectively. Starting at the bottom of 
Figure 18(b), the first curve is the response to a 150-kilocycle square 
wave. The next one is 700 kilocycles and the last one has a 900-kilocycle 
repetition rate. As the repetition rate of the square wave is speeded 
up it approaches a sine wave smoothly as the higher harmonics are 
stopped by the filter. The symmetry of the response function is to be 
especially noted and the relative rate of filter cutoff is indicated by the 
rapid change in wave shape of the response for square waves between 
700 and 900 kilocycles. These responses are in substantial agreement 
with those of Figure 15 with which they should be compared. 
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Applications 

Constant-time-delay filters are ideal for television systems where 
band limiting is a necessary feature of the system. They have applica- 
tions in frequency-interlaced color television systems where the orig- 
inal signal must be encoded in circuits of different bandwidths prior 
to multiplexing and where the decoded signals from the several circuits 
must all arrive simultaneously at the reproducer. This requires the 
same constant time delay in each channel. They are generally desirable 
wherever symmetrical transients result in signals with greater intelli- 
gibility than signals with the nonsymmetrical transients of variable- 
time-delay filters. They are suitable for aperture correction circuits. 

In addition to these uses, they are adaptable to use as linear-phase 
band-stop and band-pass circuits with many applications in communi- 
cations. In transmission networks it is possible to correct the phase 
linearity by any network available, without regard to the resulting 
amplitude response. The selectivity curve can then be adjusted sepa- 
rately without any effect on the phase linearity. 

Conclusions 

A method has been developed for producing symmetrical transients 
by means of constant-time-delay networks. These networks are not of 
the minimum-net-phase-shift type so it is possible to have selectivity 
curves which are independent of the phase response. Such filters have 
many applications in television systems. 

A laboratory filter has been designed with which any desired selec- 
tivity curve can be obtained by merely throwing double-throw switches 
to the proper polarity and by adjusting the values of variable resistors. 
All such filters have linear phase throughout the passband. They are 
therefore very useful in correcting the amplitude response of a filter 
after the phase linearity has been compensated by conventional methods. 

These symmetrical transients increase the detail contrast and 
sharpness of both monochrome and color television pictures without 
introducing objectionable ringing. They are useful in any other com- 
munication system where a symmetrical pulse response increases the 
intelligibility or resolution of the system. 

Appendix 

In a lossless transmission line let Er be the voltage at a point x 
units from the receiving end, I,, the current at point x, L the inductance 
per unit length, C the capacitance per unit length, and let m be the 
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applied frequency. Then 

dEx 
—— = u.>LIx (24) 

ax 

dh 
and — = iu>CE, (25) 

since there are no losses. These equations can be solved to g-ive 

4 = A1 e
Wx + A2 e-(te (26) 

Ej — A^ ^^ -—A2 ^—\ e~is'' (27) 

where /Ij and A2 are constants and 0 =u>(LC)t. 

L V 

C 
Let the generator voltage be Eu with internal impedance R - 

Then for an open-ended line 

^o:=0 = AI + A2 

30 A^=—A.,. (28) 

The voltage at the sending end is 

£',/ = 2A1^-—^ cos Od = Eg ~ Id ^ ~^ (29) 

where is the sending-end current. 
From Equation (26) /„ = 2A1 i sin fid. 

Substituting in Equation (29) 

1 /LVi 

4,=—— 1 . e-Wd. (30) 

This gives 

Et = E,, cos Ox e" m. (31) 
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SYNTHETIC-PATTERN GENERATOR FOR THE 

SOLUTION OF CERTAIN INSTRUMENTATION 

PROBLEMS IN TELEVISION* 

By 

Richard C. Webbt 

Summary—A new television test-pattern generator has been designed 
that will produce a wide variety of calibrated patterns directly from 
vacuum-tube oscillators, multivibrators, etc. The instrument has a number 
of features which add to its usefulness to the broadcaster, manufacturer 
and research laboratory, and make it an. extremely useful reference signal 
source for setting up new equipment or maintaining video systems. For 
example, it enables quick measurement or adjustment of video amplifiers, 
equalizers, and transmission lines. Transient characteristics of transmission 
cirmits as well as their gray-scale performance are readily visualized. In 
addition, a selection of bar patterns are available for adjusting the scan~ 
ning linearity of cameras, monitors, and receivers. 

Introduction 

COMPREHENSIVE testing- and adjustment of television trans- 
mission systems is not accomplished with the same ease and 
precision that has come to be commonplace in the field of sound 

transmission. This is primarily due to the fact that in television an 
inherently two-dimensional transmission medium (amplitude/time) 
must be multiplexed in order to carry information concerning two 
space dimensions in addition to a point-by-point measure of brightness 
values. The basic elements of this multiplexing structure are the 
vertical and horizontal blanking intervals which punctuate the trans- 
mission of a brightness-amplitude/time function that is, in other 
respects, similar to an audio signal except for the fact that its transient 
nature requires a frequency band approximately 267 times wider and 
includes components extending to direct current. Advantage is taken 
of the fundamental timing structure in order to obtain direct-current 
setting in television transmission equipment, and for this reason it is 
usually necessary to include a standard blanking pedestal with all test 
signals, since only with this provision can the equipment respond just 
as it would when pictures are being carried. 

* Decimal Classification: R355.913.5. 
t Formerly, Research Department, RCA Laboratories Division, Prince- 

ton, N. J. Now with Denver Research Institute, University of Denver, 
Denver, Colo. The work described in this paper was done while the author 
was with RCA. 
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In addition to the frequency- and phase-response measurements 
that are normally made on all types of communication systems, it is 
customary to test the linearity of the amplitude response as well. In 
high-quality audio equipment, each element of the system is expected 
to be a precisely linear device. Therefore, critical amplitude distortion 
measurements are made either with a wave analyzer or by observing 
the magnitude of the intermodulation components that are produced 
when two test signals are applied to the system simultaneously. Tele- 
vision equipment, however, includes certain elements that are inherently 
nonlinear while others are linear. Furthermore, although the desired 
over-all transfer characteristic is frequently linear (unity gamma), oc- 
casionally some prescribed nonlinear transfer relation may be sought. 
Measurements of such a characteristic are most readily accomplished 
with the aid of a test signal comprised of a number of discrete ampli- 
tude levels arranged in a known manner as in a photographic gray scale. 

One additional requirement in television measurements that has no 
counterpart in audio work is the determination of scanning linearity 
both at the camera and at the receiver, since a combination of these 
two characteristics determines the geometric distribution of picture 
components in the received image. These measurements are generally 
made with the aid of a set of timing markers that are seen in the 
display as a grid of parallel lines. 

From the preceding it is evident that the best way to test a tele- 
vision transmission system is with a television picture; hence, the 
widespread use of test charts and monoscope patterns throughout the 
industry. In practice, this type of testing is quite useful since in the 
end the human eye will be the final judge of picture quality. However, 
the technique borders on the line of listening tests on audio equipment 
although it is undoubtedly more quantitative. One of the chief objec- 
tions to the method is the fact that small defects inherent in cameras 
are included in the test signal. Such things as beam noise, shading, 
limited resolution, gray-scale errors, and scanning inaccuracies, al- 
though reduced to trivial amounts by viewing standards, should cer- 
tainly be avoided in establishing a reference standard test signal. 

A synthetic-pattern generator has been designed to fulfill the need 
for an effective television test signal source, free of the limitations of 
electro-optical devices and capable of producing many of the idealized 
test patterns that have been found useful by the industry as set forth 
in both the IRE and RTMA standards on television testing.13 

1 IRE 22 SI Standards on Television: Methods of Testing* Television 
Transmitters, 1947. 

~ IRE 22 SI Standards on Television: Methods of Testins* Television 
Receivers, 1948. (Adopted by ASA, C16, 13-1949) 
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Pattern Generators 

The synthetic-pattern generator shown in Figure 1 was built as 
part of a thesis program at Purdue University. The instrument pro- 
vides the same type of television signal that might be found on 
the cable from a studio camera or a monoscope. Signal levels up to 
2 volts peak-to-peak across 75 ohms are available in either blacks 
negative or whites negative polarity. In addition, a selection can be 
made of the actual source impedance of the output stage to facilitate 
studies of the termination requirements of long lines, etc. Source im- 
pedance levels of 50, 75, 100, 300 and 1000 ohms are available. 

Fig. 1—First model of the synthetic pattern generator. 

The frequency response of the output circuit is 10 megacycles wide, 
but a high frequency de-emphasis network can be selected which has 
the slope of a single R-C section with a time constant ranging from 

3 IRE 23 SI Standards on Television: Methods of Measurement of 
Television Signal Levels, Resolution, and Timing of Video Switching Sys- 
tems, 1950. 

4 IRE 23 S2 Standards on Television: Methods of Measurement of 
Time of Rise, Pulse Width, and Pulse Timing of Video Pulses in Tele- 
vision, 1950. 

5 RMA Standards TR-104, "Electrical Performance Standards for Tele- 
vision Broadcast Transmitters, Channels 1 to 13," Proc. I.R.E., pp. 932-938, 
July, 1948, 
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0.7 microsecond to 1.5 microseconds in 0.1-microsecond steps. This 
latter feature makes it possible to send test patterns through the very- 
first stage of camera preamplifiers and other equipment where fre- 
quency equalizers or "high peakers" are used simply by selecting the 
appropriate time constant in the output amplifier of the test generator. 

Test Patterns 

Any of the following adjustable test patterns may be chosen by 
means of a selector switch: 

1. Horizontal bars, black on white, 5 to 20 
2. Horizontal bars, white on black, 5 to 20 
3. Vertical bars, black on white, 5 to 20 
4. Vertical bars, white on black, 5 to 20 
5. Combination bars, black on white, 5 to 20 
6. Combination bars, white on black, 5 to 20 
7. Horizontal gray scale, 5 to 20 
8. Vertical gray scale, 5 to 20 
9. Sine waves at spot frequencies of 100, 200, 300, 400, 500 

kilocycles, and continuously adjustable from 0.6 to 10 mega- 
cycles. 

A second model of the instrument, which was built at the RCA 
Laboratories, is shown in Figure 2. In addition to the above patterns, 
this provides a test pattern consisting of six arbitrary sample spot- 
frequency sine-wave bursts along each horizontal scanning line. 

External Driving Signals 

Horizontal and vertical driving pulses must be supplied to the 
instrument from the studio sync generator in order to lock in the 
otherwise free-running internal multivibrators to synchronous opera- 
tion with the standard television scanning rates. The instrument pro- 
duces its own blanking signals, but no provision is made for associating 
sync signals with the video within the unit. Wherever this is required 
it would be done in one of the studio sync mixing amplifiers just as in 
the case of a monoscope or any other camera. 

Bar Patterns 

Figure 3 shows a sample photograph taken from the screen of a 
monitor kinescope illustrating one of the bar patterns generated by 
the instrument (combination bars, black on white). Oscillograms taken 
at both line and field scanning rates are also shown. Either vertical or 
horizontal bars may be selected alone or combined as shown, and the 

www.americanradiohistory.com

www.americanradiohistory.com


SYNTHETIC-PATTERN GENERATOR 191 

number of bars is adjustable in either direction from 5 to about 20. 
The spacing between bars is held precisely constant by means of multi- 
vibrator-type circuits. On a receiver having proper interlace, the 
horizontal bars will be seen to occur on adjacent scanning lines (one 
line in each field) thus forming a bar 2 picture elements wide. The 
length of the horizontal bars may be adjusted by a panel control from 
about 1/2 of the width of the screen to several screen widths. The latter 
long bars appear on subsequent pairs of scanning lines thus permitting 
the bar to grow in thickness as the control is advanced. Figure 4 shows 
these horizontal bars when adjusted to be 2 lines wide with a length 
of about % of the screen width. Incidentally, this type of pattern 

Fig. 2—Later model of the synthetic pattern generator. 

provides a very sensitive check on medium-low-frequency performance 
of video circuits as indicated by any streaking that may follow to the 
right of the bar segment. 

The vertical bars are available in three widths. The narrowest bars 
are approximately 2 picture elements wide (0.162 microsecond) as 
shown in Figure 3. The intermediate width is roughly 1.5 micro- 
seconds and the widest bars are about % of the screen width. All of 
the bar signals are passed through a very effective clipper, so that 
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their edges are sharp enough to provide a good square-wave test of 
a transmission system. The rise time of the bar signals is about 0.05 
microsecond. 

Gray Scales 

One of the most useful signals produced by the instrument is the 
stair step or gray-scale pattern. In addition to its use in making 
dynamic transfer measurements, adjusting gamma-correction ampli- 
fiers, etc., the horizontal step signal is particularly useful in examining 

■■■■■■■■■■■■■■. KM _______ 

■HUMnnill 
■■■■■■■■■■■■■■ 

IIIhuhhIIIi 

■■■■i ■■■■■■i i mm 

mmmmmmmmmmmmmm 

Fig. 3—Sample bar pattern; line sweep (lower left) and field sweep (lower 
right). 

the low-frequency performance of transmission circuits, since even 
the slightest low-frequency phase shift is visible as a tilt in the step 
waveform when viewed on a cathode-ray-oscilloscope at field sweep 
rate. Figure 5 shows the horizontal step wedge adjusted for 5 steps. 

The vertical stair step pattern shown in Figure 6 serves the same 
general purpose as the horizontal steps. However, the frequencies 
present in its waveform are much higher and the slots that are cut 
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down to black level between steps are useful in giving an indication 
of the transient response of nonlinear circuits such as gamma correc- 
tion amplifiers since it provides a sample square wave at various 
amplitude levels. 

Sine-Wave Test Signals 

A very useful form of sine-wave signal source has been developed 
as one feature of the pattern generator. It consists of a three-phase 
ring-type R-C phase-shift oscillator6-' keyed to quiescence during the 

Fig. 4—Short horizontal bars two lines high; line sweep (lower left) and 
field sweep (lower right). 

vertical and horizontal blanking intervals. Each time the oscillator 
is turned on at the start of a new horizontal line, it begins in the same 
phase position that it had at the start of the preceding line. Thus a 
stationary pattern of vertical lines spaced in inverse proportion to the 

G E. L. Ginston and L. M. Hollingsworth, "Phase-Shift Oscillators," 
Proc. I.R.E., Vol. 29, pp. 43-49, February, 1941. 

7 Chance, Hughes, MacNickel, Sayre, and Williams, Wave Forms, MIT 
Radiation Series, Vol. 19 (McGraw-Hill, 1949, pp. 110-115). 
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frequency setting of the oscillator is obtained. Figure 7 shows the 
pattern as it appears at 0.75 megacycle. 

The synchronous feature of this test signal extends its usefulness 
beyond the frequency-response measurements for which it was pri- 
marily intended. It has been found useful in the precision measure- 
ment of horizontal-scanning linearity; measurement of short time 
intervals; and measurement of the limiting resolution of kinescopes, 
storage tubes, recording systems, etc. For example, a studio camera 
might be set up to scan a regular grating of vertical lines thus obtain- 

Pig. 5—Horizontal gray scale pattern; line sweep (lower left) and field 
sweep (lower right). 

ing a video signal having a fundamental component of perhaps 2.0 
megacycles. The signal from the pattern generator set at 2.0 mega- 
cycles is then mixed with the camera output and the combination 
viewed on a monitor. The equivalent of interference fringes or a bold 
beat pattern between the uniform signal from the pattern generator 
and that developed by the camera can then be seen. At 2.0 megacycles, 
a scanning error of one part in 214 produces one fringe. 
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In color television research, where video sampling, subcarriers, and 
high-low filters are involved, the synchronous sine-wave pattern has 
proven to be a particularly useful laboratory tool. A frequency range 
of 0.6 to 10 megacycles can be covered in one sweep of the dial, and 
any point can be set to an accuracy of ± 2 per cent. The signal ampli- 
tude is automatically held constant within ± 3 per cent over the entire 
range, and there is no amplitude instability in case the tuning dial 
should be rocked rapidly through a portion of its range. Point-by- 
point frequency-response measurements can readily be made using a 

Fig. 6—Vertical gray scale pattern; line sweep (lower left) and field sweep 
(lower right). 

wide-band oscillograph as a detector. In some cases, however, where 
only a quick performance check of a circuit is required, the monitor 
kinescope itself can be used as the detector. The background control 
of the kinscope is backed off so that the positive tips of the sine-wave 
pattern produce a low-brightness pattern on the screen. As the fre- 
quency control is swung over the video band, any peaks or valleys in the 
frequency response become visible as a brightness change on the screen. 
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Sine-Burst Generator 

The pattern produced by the sine-burst generator is shown in 
Figure 8. It consists of short bursts of sine-wave test signals at 
various spot frequencies arranged in sequence along each horizontal 
line. The frequencies in this case are approximately 0.5, 1.0, 2.0, 3.0, 
3.5, and 4.0 megacycles. This pattern makes it convenient to examine 
the frequency-response characteristic of transmission systems rapidly 
by displaying the oscillogram of the signal at line scanning rate upon 

Pig-. 7—Sine-wave test signal set at 0.75 megacycle; line sweep (lower lefU 
and field sweep (lower right). 

a wide-band oscilloscope. The performance of the circuit under test is 
interpreted in terms of the relative heights of the bursts much as the 
cathode-ray-oscilloscope trace is studied when sweep-frequency equip- 
ment is used. Moreover, this signal has the advantage of being able 
to pass through all types of television circuits without modification. 
However, since discrete frequencies are used, errors might be made 
in cases where abrupt changes occur in the frequency characteristic 

www.americanradiohistory.com

www.americanradiohistory.com


SYNTHETIC-PATTERN GENERATOR 197 

under test. Nevertheless, the signal has considerable value in giving 
a rapid indication of the general trend. 

A video test-signal generator of this kind was recently developed 
by Morrison, Borkan, and Reddeck8 and a modified version of their 
design is incorporated in the second model of the pattern generator. 
For calibration of the burst frequencies, the continuously variable 
sine-wave pattern generator can be switched on simultaneously and 
adjusted to zero beat with each of the sine bursts in turn. 

Fig. 8—Sine-burst signal, 0.5, 1.0, 2.0, 3.0, 3.5, and 4.0 megacycles; line 
sweep (lower feft) and field sweep (lower right). 

Operation of the Instrument 

Figure 9 shows the functional relationships between various circuit 
groups within the instrument. All of the individual generator circuits 
are brought to the pattern selector switch at 500 ohms impedance level 

8 W. C. Morrison, H. Borkan, and J. G. Reddeck, "A Video Test Signal 
Generator," Electronics, Vol. 25, pp. 139-141, September, 1952. 
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and at this point the signal amplitude is controlled. The first stage of 
the output amplifier is arranged to minimize capacitive loading on the 
amplitude control potentiometer as can be seen in the lower left hand 
portion of the schematic diagram, Figure 11. Simple shunt peaking 
is employed in the second stage of the amplifier V-14, and the high- 
frequency de-emphasis circuit is arranged to shunt the plate load 
resistor at this point. The third stage is a compensated picture-polarity 
inverter which is switched simultaneously with the bias for the output 
stage as it is applied via the clamping diodes. This is done in order 
to place picture black level at the foot of the most linear range of the 
output tubes for both signal polarities. 

Fig. 9—Block diagram of pattern generator. 

Since pentode tubes are used in the output stage, the basic internal 
impedance of the pattern generator approximately equals the final 
plate load resistor of 1000 ohms. In order to make the instrument have 
other apparent internal impedances so that long transmission lines, 
filters, etc., may be conveniently terminated on both ends during tests, 
a selection of shunting resistors is provided to establish additional 
source impedance levels of 50, 75, 100, and 300 ohms. 

Both of the gray-scale patterns are generated by adding two saw- 
tooth waveforms together. The lower of the two provides the basic 
period of the wave (1/60 second for horizontal and 1/15,750 second 
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for vertical patterns) while the higher frequency sawtooth wave added 
in reverse polarity produces identical stepwise increments. Thus at 
the top of Figure 10, multivibrators V-20 and V-23 provide the basic 
period for the horizontal and vertical step patterns while V-.35 and 
V-27 supply the higher frequency components to their respective 
summation circuits. 

The same variable speed multivibrator circuits which are used as 
above to develop the gray-scale patterns also provide the pulses for 
the grating bar patterns, and hence the number and adjustment of the 
bar and step-wedge signals are identical. The final waveform clipping 
of the bar signals is accomplished with the use of crystal diodes 
between V-40 and V-41A in the left center part of Figure 10. 

The schematic diagram of the keyed sine-wave oscillator is shown 
at the top of Figure 11. Tubes V-9, V-10 and V-ll comprise the three- 
phase ring oscillator, with frequency being determined by variable 
shunt capacitor Cj and the 680-ohm plate-load resistors. V-8 is supplied 
with positive-going blanking pulses so that during each pulse it draws 
all of the plate current it can for zero grid volts and remains cut off 
thereafter. The plate current for V-8 is taken through the load re- 
sistors of oscillator tubes V-9 and V-ll with appropriate isolating 
resistors. Thus during blanking a large negative pulse is produced on 
the grid of V-10, cutting off this tube and opening up the oscillatory 
ring. At the end of blanking, conditions for oscillations are re- 
established and the signal begins again, unchanged in amplitude and 
always in the same phase position. Thus a stationary sine-wave pattern 
is obtained at any frequency setting. The signal may be conveniently 
viewed on an oscillograph running at line-sweep rate or directly upon 
the monitoring kinescope. 

Since the frequency of this oscillator is inversely proportional to 
the value of C^, a tuning range of 17 to 1 may be accomplished directly 
with a three-gang capacitor having a natural range of 13 to 603 micro- 
microfarads. Additional lower spot frequencies can be obtained by 
adding fixed capacitors to shunt C >. 

Amplitude control of the oscillator is accomplished by allowing the 
three oscillator tubes to take a "bite" of grid current during the posi- 
tive peaks of the grid swing. It has been found that with the circuit 
constants given, the tubes take so small a "bite" that the waveform 
distortion attributable to this cause is negligible. 

The circuit of the sine-burst generator is shown in Figure 12. 
Tubes V-53 through V-58 produce sine-wave bursts as they are pulsed 
by the multivibrator circuits above. The six burst signals ranging 
from 0.5 to 4 megacycles, are gathered on a common bus and applied 
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to amplifier and blanking mixer tube V-52 before passing to the pattern 
selector switch via cathode follower V-42B. The tandem chain of 
mono-stable multivibrators V-43 through V-48 form the driving pulses 
for the burst oscillators after amplification in buffer stages V-49 
through V-51. These latter tubes also serve to isolate the individual 
tandem multivibrator stages and provide a one-microsecond delay 
between bursts. 

The pattern-selector switch through which all of the signals must 
pass to reach the video output amplifier also switches the power-supply 
voltage to the necessary portions of the circuit for any given pattern. 
The possibility of cross talk from undesired patterns is thus eliminated, 

Fig. 11—Keyed sine-wave generator and output amplifier. 

since only one pattern circuit is active at any one time except when it 
is desired to calibrate the sine-burst generator by noting zero beats 
with the variable frequency sine wave source. In this case, both cir- 
cuits are made operative and the signals are applied in parallel to the 
output amplifier. 

Plate-supply voltage for the instrument is taken from an extremely 
well regulated 150-voIt power supply shown schematically in Figure 13. 
The maximum current requirement is approximately 275 milliamperes. 
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-/rl+l50 VOLTS 

BIAS POINT 

Fig. 13—Power supply. 
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BROADBANDING OF RESONANT-TYPE 

MICROWAVE OUTPUT WINDOWS* 

By 

T. S. Chen 

Tube Division, Radio Corporation of America, 
Harrison, N. J. 

Summary—This paper discusses the development of a broadband window 
assembly for use as the output of moderate-power tunable magnetrons. The 
assembly is required to provide free transmission of microwave energy over 
«• maximum bandwidth consistent with minimum reflections throughout the 
band. 

The resonant-type output window used in these magnetrons consists of 
a thin ceramic plate brazed across the waveguide betiveen two frames con- 
taining rectangular openings. Broadbanding of this window has been 
accomplished by the addition of a resonant iris at a fixed distance on each 
side of the ceramic plate. Bandwidths of 1000 and 1570 megacycles, with 
center frequency respectively at 9150 and !>350 megacycles, have been ob- 
tained for two different kinds of ceramic. The voltage-standing-wave ratio 
was below 1.10 in both cases and response was uniform throughout the) 
transmission region. The principle of broadbanding is substantiated by 
the theory of maximally flat filters. Design formulas and procedures are 
presented to facilitate the selection of proper proportions for the window 
elements and the prediction of the performance of the assemblies. 

T 

Introduction 

"n^HE output window in a multi-cavity magnetron serves as a 
vacuum seal through which power at microwave frequencies is 
transmitted to the load. The type of window discussed in this 

paper consists of a thin ceramic plate cut to the internal dimensions 
of the output waveguide and sandwiched between two iris diaphragms. 
The entire structure is brazed in position across the guide. The window 
structure behaves like a parallel tuned circuit; at resonance, the inci- 
dent power from the magnetron is almost wholly transmitted to a 
matched load. At frequencies a little off resonance, however, appre- 
ciable reflection occurs. Because a magnetron cannot operate success- 
fully into a mismatch presented by a voltage-standing-wave ratio 
exceeding 1.5, this type of window must be broadbanded over the 
tunable frequency range of the tube with which it is associated. 

In view of its selective characteristics, the window assembly de- 
scribed above is designated as a resonant-type output window. With 
proper broadbanding methods, this resonant-type window can be made 

' Decimal Classification: R339.2. 
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to have a reflection coefficient which is substantially zero over a wide 
band of frequencies. In a series of output windows in which AlSiMag 
243* was used as the ceramic material, a l()50-megacycle bandwidth 
having a voltage-standing-wave ratio below 1.10 and a center frequency 
of 9150 megacycles has been obtained consistently after broadbanding. 
When an experimental blend of forsterite ceramic composition is sub- 
stituted, the center frequency is raised to 9350 megacycles and the 
broadband characteristic is extended to a range of 1510 megacycles 
over which the reffections are uniformly low. The bandwidth attain- 
able and the insertion loss of the assembly can be predicted from the 
theory discussed in this paper. The method for the proper propor- 
tioning of the window structure and the matching elements and for 
the determination of their relative position to obtain the proper inter- 
action is also described. In addition, performance data for complete 
window assemblies are included. These performance data indicate 
satisfactory agreement between the actual test results and the theo- 
retical calculations. 

Fig. 1—Diagram of magnetron and associated components showing position 
of output window assembly. 

Principles Underlying the Method of Broadbanding 

The resonant-type output window can be made to transmit a suffi- 
ciently wide range of frequencies by the application of principles 
developed in connection with the design of microwave bandpass filters. 
In filters, however, the region of free transmission is comparatively 
narrow and attenuation is high outside that region. In window assem- 
blies, it is desired to obtain a maximum bandwidth with low reflections, 
attenuation outside the pass band being incidental. 

Figure 1 shows the position of the output window assembly in 
relation to the magnetron and its tuning accessories. The window is 
connected to a matched load on the right and to the magnetron on the 
left. The low impedance of the magnetron is transformed to the high- 

* Trademark registered by American Lava Corporation, Chattanooga, 
Tennessee. 
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Fig. 2—Diagram of output window assembly showing relative position of 
ceramic window and resonant irises. 

impedance level of the waveguide by means of a transformer. It may 
be assumed in the design and analysis that the window assembly works 
into a pure resistance on each side. 

A diagram of the window assembly is shown in Figure 2. The two 
outer matching elements in this diagram are resonant irises. The 
performance of the window may be simulated by a parallel resonant 
circuit, such as that shown in Figure 3(a), in the form of a two- 
terminal-pair network. An open resonant iris, as a microwave com- 
ponent, is also equivalent to a parallel tuned circuit. If two identical 
irises having the same resonant frequency as the window are spaced 
a quarter wavelength on either side of the window, as shown in Figure 
2, the lumped-constant analog of the assembly appears as illustrated 
in Figure 3(b). This equivalent network consists of three parallel 
susceptances interposed by quarter-wavelength lines. The quarter- 
wavelength coupling line transforms the shunt admittance into a series 
impedance, and changes the shunt branches representing the open 
irises to series resonant branches, as shown in Figure 3(c). If the 
resonant angular frequency of the series branches is made equal to 
the anti-resonant angular frequency of the shunt branch, or 

1 1 
= — = —  , 

\/L| C, 

Fig. 3—(a) Schematic representation of ceramic window, (b) Schematic 
representation of output window assembly having resonant irises spaced a 
quarter wavelength on either side of ceramic window, (c) Equivalent cir- 

cuit for output window assembly shown in (b). 
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then Figure 3 (c) may be recognized as the prototype of a T-termina- 
tion bandpass filter having a single pass band. 

The window-and-iris assembly, therefore, may be considered as a 
filter composed of resonant irises coupled by quarter-wavelength lines,1 

and the theory of microwave filters may be employed in its design. 
Because of the difference in selectivity between the ceramic window 
and the open iris, the theory of maximally flat filters2'8 is pai'ticularly 
adaptable to the window-assembly design. In this class of filters, the 
loss characteristics are notably flat over the range of free transmission 
and do not have the resonant effects usually encountered in filters of 
the conventional constant-K type. 

Because the three components making up the window assembly 
can be represented by parallel tuned circuits, the properties of these 
circuits will be discussed before the functioning of the entire structure 
and the calculation of its over-all performance are considered. 

Characteristics op Parallel Tuned Circuits 

Although the individual iris may be represented by a parallel L-C 
circuit, it is usually not feasible to determine the values of the induct- 
ance and capacitance by experimental means. An analysis may be 
made, however, in terms of the resonant frequency and the loaded Q 
of the separate branches of which the final network is composed. 

The rth branch in a network, for example, consists of an inductance, 
Lr, and a capacitance, Cr, in parallel. The combination is intended for 
insertion between a constant-current source, 1, having parallel internal 
resistance, R, and a load of equal resistance, as shown in Figure 4. 
The loaded Q of the ra branch may be expressed as follows: 

1 G. L. Ragan (Editor), Microwave Transmission Circuits. MIT Radi- 
ation Laboratory Series, Vol. 9, pp. 677-709, McGraw-Hill Book Co., New 
York, N. Y. 

2 E. L. Norton, "Constant Resistance Networks with Applications to 
Filter Groups," Bell Sys. Tech. Jour., Vol. XVI, pp. 178-193, April, 1937. 

3E. L. Norton, U. S. Patent #1,788,538, January 13, 1931. 
4"W. R. Bennett, U. S. Patent #1,849,656, March 15, 1931. 
5 S. Butterworth, "On the Theory of Filter Amplifiers," Experimental 

Wireless and the Wireless Engineer, London, Vol. VII, #85, pp. 536-541, 
October, 1930. 

6 V. D. Landon, "Cascade Amplifiers with Maximal Flatness," RCA 
Review, Vol. V, pp. 347-362, January, and pp. 481-497, April, 1941. 

7 W. W. Mumford, "Maximally Flat Filters in Waveguide," Bell Sys. 
Tech. Jour., Vol. XXVII, pp. 684-713, October, 1948. 

SW. W. Mumford, U. S. Patent #2,540,488, February 6, 1951. 
5 H. J. Riblet, "Synthesis of Narrow-Band Direct-Coupled Filters," 

Proc. I.R.E., Vol. 40, pp. 1219-1223, October, 1952. 
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peak energy stored 
Q, — <i)0 

average loss 

a>0RCr R /C7 

E \ 2/ 2 \ 2 2 V Lr 

V2 / \ R 

(1) 

where o<0 = anti-resonant angular frequency of the branch in radians 
1 

per second =   — , 
VL^Cr 

E = maximum voltage across the branch. 

The admittance, Y, in mhos, at the right of terminals T-T' in 
Figure 4 may be expressed as follows: 

1 
y = G + jB=— 

R 

, / /o 
1 + ] u>0 Cr R[  

/o f 
= Yo 1 + ;2 Qr 

/ 

/o / 
(2) 

where G = conductance in mhos, 

B = susceptance in mhos, 

/ = operating frequency in cycles per second, 

/0 = resonant frequency in cycles per second, and 

y0 = termination admittance in mhos. 

If both sides of Equation (2) are divided by Y0, the normalized admit- 
tance, g + jb, of the branch is obtained. 

/ / /o\ 
g + ]b = 1 + j2Qr \ —   (3) 

\/o / / 

Differentiation of the normalized susceptance given in Equation (3) 
with respect to frequency gives the loaded Q of the parallel branch 
when resistance termination is used: 

f, db 
Qr = — (   (4) 

i \ df Ii-i. 
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The slope of the susceptance curve is evaluated at the resonant fre- 
quency, /q. Expression (4) is particularly convenient for use in the 
determination of the loaded Q of a broadband element such as an iris. 

In the circuit shown in Figure 4, the power delivered to the load is 
reduced when the parallel tuned circuit is added. The load power, P0, 
available from a generator having an internal resistance, R, equal to 
the load termination is expressed as follows: 

1 
P0=: — RI2 (5) 

4 

where I is the current delivered by the generator. 
When the susceptance, jB, is inserted as indicated in Figure 4, the 

load current is changed to 

I 
lIt = . (6) 

2 + jBR 

^-iB=i2QrYo(^-^) 

1 
-r _ < I ' -p r ^ > Yo 

Fig. 4—Parallel tuned circuit representing individual resonant iris inserted 
between a constant-current source, I, having parallel internal resistance, R, 

and a load of equal resistance. 

The power in the load, Pj , can be shown to be 

r-R 
Pl = • (7) 

4 + B'2 R- 

The power insertion ratio, P0/PL, which is also called the loss function, 
can be determined from Equations (5) and (7), 

P„ 1 / B . 
 =1-| B2 /?- = !+ I — ), (8) 
Pl 4 \ 2 y0 

where Y0 = 1/R. 

The insertion loss in decibels, a, may be written as follows: 
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a = 10 Logj 
B 

2 Yo 
4- 1 (9) 

If the imaginary part of Equation (2) is substituted in Equation 
(8), the loss function can be expressed in the alternative form, 

- = 1 + Qr
2 / _ 

fo f 
(10) 

The conventional definition of the loaded Q may be deduced from 
Equation (10). 

Po 
If fr is the frequency in cycles per second at which = 2, Equa- 

Pl 
tion (10) may be rewritten as follows: 

Qr = 
1 

u /„ 

/o fo 

fo 

1 

^•0 

f c2 f cl 1 1 

^■c2 ^-cl 

(H) 

In this expression, fc2 and /cl are, respectively, the upper and lower 
half-power frequencies and A0, Ac.2, and are the free-space wave- 
lengths corresponding to /0, fco, and fcl, respectively. Because both the 
iris and the window possess broadband characteristics, Equation (4) 
is used in preference to Equation (11) in the evaluation of Q to avoid 
a wide coverage of frequencies in the standing-wave ratio test. 

If the series combination of L,. and Cr is inserted between a 
constant-voltage generator having internal resistance R and an equal 
load resistance, the loaded Q of the series combination is as follows: 

Qr-- 
o>oLr 

2R 

1 

2R 

Lr_ 

Cr 
(12) 

The normalized impedance of this series branch terminated by a 
resistance, R, is 

Z / / -=1 +;2Qr - 
R \ fo 

(13) 
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Equation (10) still gives the power insertion ratio for the series 
branch provided the value of Qr given in Equation (12) is used. 

Theory of the Maximally Flat Filter 

A filter is generally composed of reactive elements arranged to 
form an iterative network which transmits energy in certain frequency 
bands and discriminates against other bands. The selective property 
of such a network is a result of the substantial reflections suffered by 
the incident wave at the terminal load. In wave-transmission systems 
involving smooth lines or cascaded networks, it is necessary for uni- 
form transmission that the load impedance be substantially equal to 
the characteristic impedance of the line or network at all frequencies 
in the desired transmission range. The characteristic impedance of 
the constant-K filter is not constant with frequency except at frequen- 
cies remote from cutoff. When such a structure is used with a terminal 
apparatus having constant resistance, wave reflections occur at the 
junction and cause irregularities in the transmission region. 

These undulations in the passband may be eliminated by an 
arrangement of the selective branches of the network to form a tapered 
line which gives a response with greatest flatness. The circuit in 
Figure 5 comprises equal terminal resistances, E, and n other branches, 

Z.,, ■ • ■ Zn, disposed alternately in series and in shunt to form a 
ladder structure. The nature of these branches provides the desired 
selective characteristics and their values vary from section to section 
in accordance with a prescribed law.3'4 

(1) The branch impedances are made of purely reactive ele- 
ments. 

(2) The series impedances are all of similar character, and 
the shunt impedances are similar to each other, their 
exact nature depending on the function the filter is called 
upon to perform. 

(3) The impedances of the series arms increase in value pro- 
gressively from both ends toward the center, while the 
impedances of the shunt arms vary in an inverse manner. 
The series impedance may be expressed 

Zy=a1XR. ZJ:s = cuXR, ■ ■ ■ Zn _, — an ,A'!i (14) 

and the shunt impedances 
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R R R 
Z2 = ,Z4 = , ■ ■ ■ Zn = . (15) 

a.2X a4Z anX 

In Expressions (14) and (15), R is the common value of the terminal 
resistances, and the factors a^, a-,, ■ ■ ■ an are related to the imaginary- 
parts of the 2nth root of —1. The factor X describes the law of 
variation of the branch impedances with frequency. The factor X is 

( f \ / fc\ equal to j 1   for a low-pass filter and j   ) for a high-pass filter, 
\fc ) \ f ) 

f being the operating frequency and /„ the cutoff frequency in both 
cases. 

When this method is used to determine the proportions of the 
branches, the current I in the load resistance R due to the source 
voltage E in Figure 5 may be expressed as follows:4 

|/|= ■ (16) 
2i?Vl + I A' | -" 

Fig. 5—Block diagram of maximally flat filter network consisting of equal 
terminal resistances, R, and n other branches, Zlt Z*, ... . Zn, in a 

ladder structure. 

As long as the value of | Z | is less than unity, the value of the current 
E 

in the load resistance is close to that of the fraction , which is the 
2R 

current in the load when it is matched to the internal resistance of 
the generator. When the value of | X \ exceeds unity, the current in 
the load resistance becomes very small, particularly when is a large 
number. The critical frequencies which form the demarcation of 
transmission and attenuation can be found from the following rela- 
tions : 

X — j, and X = —j. (17) 

Within the transmission band, the current varies gradually with no 
maxima or minima whatever. 
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The insertion of a structure such as that shown in Figure 5 between 
a. generator and its matched load produces a loss function, 

Pn 
 =1+IX|2« (18) 
Pl 

which depends only on the frequency factor, X, and the number of 
branches involved, n. If a bandpass filter is desired, the series branches 
should consist of resonant circuits and the shunt branches of anti- 
resonant circuits. The resonant frequencies of the series-arms are 
equal to the anti-resonant frequencies of the shunt arms, because these 
branches all contain the same frequency factor. If the cutoff frequen- 
cies of the passband are denoted by fcl and fC2, the frequency factor 
may be expressed as follows;3-4 

X=j[-     (19) 
f O to 1 

^ 
c 

^
 1

 
O 

1 

/ j 

a 

where /„ = V/ci fc2 = the mid-frequency of the filter. 

The preceding discussion has been concerned primarily with net- 
works having lumped parameters. In adapting the theory of maximal 
flatness to microwave filters, Mumford introduced the concept of the 
loaded Q of the total filter, QT, and defined this factor as follows: 

Qr = . (20) 

1 f° ! 0
 

o fc 

Po 
Mumford derived the loss function for the filter, , in terms of the 

loaded Q, 
P L 

Po / f fo V" / fa /o V2" 2Y / /o \2B 

 =1+  ]=1+QTI (21) 
Pl \f0 f \ fo fo \ fo f 

The frequency fc in both Equations (20) and (21) represents the cutoff 
frequency of the filter at the half-power points. 
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The series-resonant and shunt-antiresonant branches in a bandpass 
filter are simulated in microwave work by cavities or resonant irises 
separated by quarter-wavelength lines. The quarter-wavelength 
coupling line transforms alternate shunt admittances into series 
impedances. These normalized series impedances or shunt admittances, 
as shown previously, are all expressible in terms of the resonant fre- 
quency and the loaded Q. Because the resonant frequencies of the 
microwave components are made to coincide, only their loaded Q's are 
graded in accordance with the requirements set in Expressions (14) 
and (15), as follows:7 

Uniform efficiency of transmission over the passband is obtained, 
therefore, by choosing the microwave elements in such proportions 
that they have a common resonant frequency and their bandwidths 
decrease progressively from both ends toward the center of the 
structure. 

Characteristics of Resonant Irises and Ceramic Windows 

When the window-and-iris assembly is viewed as a maximally flat 
filter, the window forms the shunt branch in the middle, and the two 
outer irises, after transformation by the connecting lines, form the 
series branches of a three-branch ladder. The ceramic window is more 
selective than the open iris and, consequently, has a higher Q. The 
loaded Q's of the three elements can be proportioned to satisfy 
Equations (22) when n has a value of 3. Pertinent characteristics for 
these elements are their resonant frequencies, their loaded Q's, and 
their susceptances as a function of frequency. 

A resonant iris having the dimensions a' X h' in a waveguide 
having internal dimensions axh is illustrated in Figure 6(a). The 
longitudinal view is shown in Figure 6(b), the iris being a transverse 
diaphragm having an opening concentric with the cross section of the 

TT 
Qi = sin- = Q„ 

2n 

Stt 
Q., = Qt sin  

2n 
(22) 
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waveguide. Electrically, these irises act as parallel tuned circuits in 
shunt to the line, as illustrated in Figure 6(c). Certain aspects re- 
garding their properties are of significance. 

(1) Part of the waveguide associated with the iris also stores 
energy.1 

(2) The anti-resonant equivalent circuit should be changed to 
a four-terminal T-network having series-arm impedances 
to account for the finite thickness of the iris plate.10'11 In 
this analysis, the effect due to the thickness of the iris 
plate is included in the magnitude of its loaded Q. 

(3) The ratio of the effective volume to the surface in a 
resonant iris is low, and its Q is necessarily small. This 
low value of Q causes the inherent characteristic of broad 
bandwidth in the window assembly. 

An approximate expression for the resonant wavelength of an open 

a 

♦ T b1 b 
♦ i lA 

L,—^ |-*-L2 

(») (b) 

Pig. 6—Resonant iris having dimensions a X in a waveguide having 
internal dimensions a- X 6, and its equivalent circuit. 

iris can be obtained by matching the characteristic impedance of a 
waveguide having internal dimensions a and h to the impedance of a 
guide having dimensions a' and By the use of this process,12 the 
resonant wavelength, A, is related to these dimensions in the following 
expression: 

1 — 
2a ■v1 

\ 

2a' 
(23) 

In tests made on irises having a thickness of 0.020 inch and different 

10 J. W. Miles, "The Equivalent Circuit for a Plane Discontinuity in a 
Cylindrical Waveguide," Proc. I.R.E., Vol. 34, pp. 728-742, October, 1946. 

11N. Marcuvitz, Waveguide Handbook, MIT Radiation Laboratory 
Series, Vol. 10, McGraw-Hill Book Co., New York, N. Y., 1951. 

12 J. C. Slater, Microwave Transmission, McGraw-Hill Book Co., New 
York, N. Y., 1942. 
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opening in waveguides 0.900 X 0.400 inch, the resonant wavelengths 
agreed more closely with the following empirical relation: 

V 
— A / 1 
b 1.97a 

a 

b' 1.97a', 
(24) 

Consideration of Expressions (23) and (24) reveals that different 
combinations of of and h' are available for resonance at any particular 
wavelength. This fact may be used to advantage in the selection of a 
set of values that provides the desired Q. 

An analytical expression derived by Lewin13 gives the normalized 
susceptance of a resonant iris in a rectangular waveguide as 

5^0 ' v a- 
cot2 

ir (a2 - a'2) 1 

4aa/ cos 
TTd 

2a 

2a 

A2 

+ 

4a'2 

Ag 

aa'2 

X2 

4a2 

&'2 

A„ 

8hb' 

4b \ / irb' 
log csc ) + 

2b 

+ ■ 

K 2niT ■ 
(a —a') 

])^ 
(25) 

where J0 is the Bessel function of zerotb order and K denotes a special 
function. 

The first term in Equation (25) can be recognized as the first-order 
term for the susceptance of a symmetrical inductive diaphragm having 
a slit of width a'. The first pai't of the second term, involving the 
logarithm, gives the main portion of the capacitive susceptance of the 
resonant iris, and the remaining parts form a small correction to this 
term. 

The principal terms in Equation (25) may be used to calculate 
satisfactorily accurate values of the iris susceptance as a function of 
frequency. From this susceptance and the relation given in Equation 
(4), the loaded Q of the iris can be determined graphically, or an 
expression can be derived for Q in terms of the dimensions. 

13 L. Lewin, Advanced Theory of Waveguides, Iliffe and Sons, Ltd., 
London, 1951. 
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If the principal terms in Equation (25) are set to zero and the 
result is solved for A, an implicit expression for the resonant wave- 
length is obtained. 

4 / a \ a'2 X2 / \ / \ 
— —  cot=    cos= — 

TT2 \ b / (a2 —a'2)2 \ 2a / \ 2a j 

( X2 \ irh' 
= ( 1 ) log csc . (26) 

\ 4a'2 / 2b 

The use of this equation yields a resonant wavelength in close agree- 
ment with the result obtained by the use of Equation (24) for irises 
having a thickness of 0.020 inch. 

In an experimental study, the ceramic output window employed was 
composed of a 0.900 X 0.400 X 0.040-inch ceramic plate brazed across 
the waveguide between two metal frames of the resonant-iris type. 
The window structure may be considered as two resonant irises coupled 
by a short length of ceramic-filled waveguide. However, tests show 
that this structure acts as an anti-resonant circuit and it simplifies 
matters to consider the unit as a parallel tuned circuit. 

Because the electrical characteristics of the ceramic window are 
less amenable to analytical treatment than those of the open iris, it is 
expedient to resort to experimental means for their determination. It 
was found that the following empirical formula for the resonant wave- 
lengths of windows could be used in the frequency range 8300 to 9200 
megacycles. 

In this equation, the number 5.42 is the dielectric constant of the 
ceramic AlSiMag 243 at about 10,000 megacycles per second.14. Values 
of A obtained with the use of Equation (27) checked satisfactorily 
with experimental results for windows having various opening dimen- 
sions in 0.900 X 0.400 inch waveguides. The material used for the 
window frames was 52-alloy having a thickness of 0.005 inch, and 
the ceramic plate was 0.040 inch thick. 

The susceptance of such obstacles as the output window or the 

14 A. Von Hippel, "Tables of Dielectric Materials," MIT Laboratory of 
Insulation Research, NDRC Report 14-237, February, 1945, Report 14-425, 
June, 1945. 
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resonant iris can be determined by measurement of their voltage-stand- 
ing-wave ratios. The obstacle is introduced in a waveguide terminated 
with a matched load, as shown in Figure 7(a), and the standing-wave 
ratio at different frequencies is found by the use of a slotted section. 
For example, if 

S — voltage-standing-wave ratio, 

S — l 
■ = magnitude of the reflection coefficient. 

-S + 1 

P0 = incident power (power delivered to matched load), 

Pr = reflected power caused by the insertion of the obstacle, and 

Pl — power delivered to the load with the inclusion of the obstacle. 

then the power received by the load when the window or the iris is 
inserted may be expressed as follows: 

TO SLOTTED 
SECTION CHARACTERISTIC 

ADMITTANCE 
Yo 

\ 
T 
J 

(w 

Pig- 7—(a) Diagram showing resonant iris or output window in waveguide 
terminated by a matched load, (b) Equivalent circuit for arrangement 

shown in (a). 

pL=p0-pr=p0a - m = p0 - 
4S 

(1+5)^ 
(28) 

In terms of the standing-wave ratio, therefore, the loss function 
due to the insertion may be written as. 

Po (s-iy 
— = i + 
PL 45 

(29) 

If Expressions (29) and (8) are equated, the absolute value of the 
normalized susceptance may be determined. 

B 

Fn 

S — l 

VS 
(30) 
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When the susceptance is plotted against frequency in the vicinity of 
resonance, the loaded Q of the obstacle concerned may be computed by 
an application of Equation (4). 

Transformation Property and Selectivity 
of Connecting Lines 

The two outer resonant irises and the middle window in Figure 2 
are spaced along the waveguide at distances approximately equal to 
one quarter of the guide wavelength. The connecting guide serves a 
dual purpose in providing a coupling link and in effecting the proper 
impedance transformation. It is well known that a quarter wavelength 
of lossless line transforms a normalized load impedance into a normal- 
ized admittance of equal value.15 Figure 8 illustrates a microwave 
filter in which the selectivity, Q, and the resonant frequency, /„, are 

Cb) 

Fig. 8—(a) Microwave bandpass filter using resonant irises coupled by 
quarter-wavelength lines, (b) Ladder-type equivalent network for (a). 

used to describe the behavior of each element. Starting at the left of 
Figure 8, the first shunt branch of (b) is identical with the first one 
in (a). Because of the impedance transformation of the quarter- 
wavelength section, the shunt branch 2 in (a) appears as the series 
branch 2 in (b). The shunt branch 3 in (a) undergoes two successive 
transformations as a result of the two quarter-wavelength sections 
and appears in (b) in its original form as a shunt branch. In this 
manner, the maximally flat ladder is simulated by shunt elements 
spaced at quarter-wavelength intervals. 

lr'R. M. Fano and A. W. Lawson, "Microwave Filters Using Quarter- 
Wave Coupling," Proc. I.R.E., pp. 1318-1323, November, 1947. 
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The impedance transformation property is perfect only at a fre- 
quency at which the line length is exactly one quarter of the guide 
wavelength. At other frequencies, the line transforms a purely re- 
sistive load into one having both resistive and reactive parts. In other 
words, the line possesses frequency sensitivity which can be measured 
in terms of an equivalent Q. Mumford7 obtained an all-frequency 
circuit representation of a parallel tuned circuit inserted between a 
quarter-wavelength line and a resistance termination, as shown in 
Figure 9. The two correction networks on each side of the universal 
quarter-wavelength line account for the frequency sensitivity of the 
line. The line selectivity, on the basis of wavelength, may be derived 
for a quarter-wavelength section as 

TV 
Q'l = -. 

8 

_ (±. 
' 4 V-Po f ' 

Fig. 9—(a) Equivalent circuit representing the selectivity of a quarter- 
wavelength line, (b) Correction network to account for line sensitivity. 

QUARTER WAVELENGTH 
AT ALL FREQUENCIES-^ 

G = Yo G= Yo 

This expression can be changed as follows to give a Q based on fre- 
quency :7 

The guide wavelength, \g0, and the free-space wavelength, A0, are 
evaluated at the resonant frequency. 

An end branch which has a quarter-wavelength line on one side 
requires a correction of QL\ a mid-branch having lines on both sides 
requires a correction of 2QL. In narrow-band filters, the Q's of the 
elements are high and the line selectivity has negligible effect. In the 
broadband windows, this selectivity is comparable in magnitude to that 
of the elements themselves and exerts a considerable effect on the per- 
formance of the assembly. 
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Length op Connecting Lines in Window Assemblies and 
Interaction Between Window Elements 

In quarter-wavelength coupled filters in which the resonant cavity 
is made of two susceptances connected by a section of waveguide, there 
is an excess phase associated with the cavity.7 If inductive susceptances 
are used to make up the cavity, the theoretical length of the guide 
coupling two adjacent cavities should be shortened by an amount equal 
to the excess phase. In window assemblies, improved bandwidth with 
lowered reflection is obtained when the connecting line is reduced from 
a quarter of the guide wavelength by a short distance. This distance 
is in the order of the range of fringing fields near the iris and window 
openings. Practically, the optimum spacing, d, between the ceramic 
window and the iris is equal to approximately the average of one 
quarter of the guide wavelength, Xgo, and one quarter of the free-space 
wavelength, A0. 

In addition to the beneficial effect on bandwidth and reflection loss, a 
shortened spacing yields a lighter and more compact structure. This 
fact is an important consideration in the window assembly where space 
and weight are at a premium. 

Because of this reduction in the spacing and the interaction due to 
the proximity of the window components in the assembly, the mutual 
impedance effect between the components becomes noticeable. As a 
consequence, the mid-band frequency of the assembly is raised above 
the resonant frequency of the individual component by about three per 
cent. Measurements made on finished window assemblies show a con- 
sistent amount of increase in mid-band frequency. In the design, 
allowance must be made for this effect to obtain a proper location of 
the passband in the frequency spectrum. 

If the selectivities of the window components are proportioned in 
accordance with Equations (22) and their resonant frequencies are 
equal, a uniform transmission band is obtainable with the assembly 
provided the spacing between the elements is properly chosen. The 
frequency limits within which the voltage-standing-wave ratio is less 
than a prescribed value can be estimated and, as a result, the bandwidth 
of the assembly can be ascertained. In the genera! case of an assembly 

(32) 

Bandwidth of the Window Assembly 

www.americanradiohistory.com

www.americanradiohistory.com


222 RCA REVIEW June 195i 

comprising-re branches, the loss functions, Equations (21) and (29), 
may be equated, thus defining a factor, F: 

f f0 /s-iw i 
« 1   1=F. (33) 

fo f \ 2 Vs / \Qt 

If the above equation is solved for /, the lower and upper frequency 
limits are obtained; 

fv   
foi = — (VF2 + 4-F), 

2 

/«   
fc2 = — (VF- + 4 + F). (34) 

2 

The bandwidth w within which the standing-wave ratio is below an 
assigned value, S, is given by 

w = f0F. (35) 

In Equations (34) and (35), /0 is the mid-band frequency of the as- 
sembly. Equations (33) and (35) show that a low QT results in a 
wide band coverage. The inherently low Q's of the iris and the window 
proper are responsible for the broadband characteristics of the as- 
sembly. 

Performance of Window Assemblies 

Tests conducted on finished window assemblies showed consistent 
and predictable performance. In one type of tunable magnetron, the 
center frequency was fixed at 9150 megacycles. In view of mutual 
effects between the components, the resonant frequency of the window 
was chosen at 8900 megacycles. In accordance with Equation (24), an 
iris opening of 0.706 X 0.140 inch gave a resonant frequency of 8900 
megacycles for the open irises. The AlSiMag 243 ceramic having a 
dielectric constant of 5.42 was used in the 0.040-inch-thick ceramic 
plate. When the window-frame openings were 0.474 X 0.250 inch, the 
use of Equation (27) gave 8900 megacycles as the resonant frequency 
of the ceramic window. 

The standing-wave ratio-characteristics of the ceramic window and 
one of the two resonant irises are plotted in Figure 10; their suscep- 
tance curves are shown in Figure 11. In accordance with Equation (4), 
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FREQUENCY-MEGACYCLES PER SECOND 

Fig. 10—Standing-wave-ratio characteristics of AlSiMag 243 ceramic 
window and one resonant iris. 

-0.8 

-1.0 
8000 8400 8800 9200 9600 

FREQUENCY-MEGACYCLES PER SECOND 
10000 10400 

CERAMIC WINDOW N256 (ALSIMAG 243 CERAMIC) 

Fig. 11—Susceptance curves of AlSiMag 243 ceramic window and one 
resonant iris. 
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the loaded Q of the ceramic window has the value 

fv d / B \ 8900 X 10,: 0.80 
Q'2 = — —   = X = 1.907. 

A df \ Fo //=/„ 4 935 X 10" 

Similarly, the loaded Q of the resonant iris, Q'j, is found to be 0.978, 
which is approximately one half of the loaded Q of the window. 

On the basis of frequency, the selectivity of the quarter-wavelength 
line is determined by the use of Equation (31) : 

TT X0\2 tt /4.72 

8 \ A / 8 \3.28 
: 0.808. 

The length of the coupling line in the window assembly was 0.41 inch, 
or materially less than one quarter of the guide wavelength. The line 
selectivity, compensated for this shortening, is 

d / 0.4101 

0.808    =0.808 —  1 = 0.708. 
\g \ \ 0.465 

Therefore, the loaded Q of the ceramic window together with its asso- 
ciated line selectivity becomes 

Q.2 = 1.907 + 2 X 0.708 = 3.323. 

The same quantity for the resonant iris is 

Qj = 0.978 + 0.708 = 1.686. 

When a value of 3 is substituted for n in Equation (22), 

Q1 = Qt sin — , Qt = 2Q1 = 3.372 
6 

and 

Stt 
Q, = Qt sin —— , Qt = Qo = 3.323. 

6 

When the voltage-standing-wave ratio is less than 1.10, the response 
curve of the window assembly is substantially uniform. When it ex- 
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ceeds this value, the insertion loss rises abruptly and produces the 
sharp attenuation characteristic commonly found in filters. A ratio of 
1.10, therefore, may be used to demark the attenuation and the trans- 
mission bands. 

If Qj. = 3.323, n = 3, 5=1.10, and /0 = 9150 megacycles, then 

The lower cutoff frequency is 

9150   
fci —  [V(0.1091)2 + 4 — 0.1091] = 8640 megacycles, 

and the upper cutoff frequency is 

9150 
fc2 — ' [V (0.1091) 2 + 4 + 0.1091] = 9640 megacycles. 

2 

The bandwidth is 

w = f0 F = 9150 X 0.1091 = 1000 megacycles. 

For other assigned values of standing-wave ratio, the lower and upper 
frequency limits can be calculated in a similar fashion. The computed 
values are plotted in Figure 12, which also shows the complete per- 
formance determined by test on the assembly. 

The kind of ceramic material used exerts a great influence on the 
performance of the window assembly, changing both its resonant 
frequency and its selectivity. One window assembly in which an 
experimental blend of forsterite composition was used for the ceramic 
plate had a resonant frequency of 9100 megacycles. The loaded Q of 
the window structure together with the selectivities of its associated 
line was 2.426. Resonant irises used with this output window were 
constructed from 0.020-inch copper and had openings 0.680 X 0.125 
inch. The resonant irises resonated at 9100 megacycles and had a 
selectivity of 0.649. W hen values of — 2.426 and /q 9350 mega- 
cycles were used, the calculated upper and lower frequencies of the 
band within which the standing-wave ratio is less than different 
assigned values were as shown in Figure 13. In view of the broadband 
nature of the assembly, the agreement between the theoretical pre- 
diction and the experimental result is satisfactory. 
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Fig-. 12—Performance of AlSiMag 243 ceramic output window assembly 
over a lOOO-megacycle bandwidth (8640 to 9640 megacycles). 

FREQUENCY-MEGACYCLES PER SECOND 

Fig. 13—Performance of forsterite ceramic output window assembly over 
a 1500-megacycle bandwidth (8600 to 10,100 megacycles). 
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Variation of Bandwidth and Mid-Band Frequency with 
Window-to-Iris Spacing 

The broadband characteristics of a ceramic output-window assembly 
made as shown in Figure 2 were tested with different window-to-iris 
spacings; the results are shown in Figure 14. This output window 
used a second blend of ceramic and had iris-frame openings 0.498 X 
0.250 inch. The irises, except #1-1, were made of 0.020-inch copper 
and had 0.706 X 0.140-inch openings. The window and all irises used 
in the test, with the exception of iris #1-1, resonated at 8900 mega- 
cycles. 

Curve A in Figure 14 shows that when the spacing is 0.47 inch. 

Fig. 14—Variation of bandwidth and mid-band frequency with window-to- 
iris spacing. 

or near the value \g/^, the bandwidth occupies the low side of the 
frequency scale and the mid-frequency is close to the resonant value 
of each of the window elements. As the spacing, d, is decreased to 
0.43 inch, a substantial upward shift of the transmission band occurs, 
and the mid-band frequency arises, as is evidenced by curve B. If the 
spacing is decreased further to 0.41 inch, an optimum condition is 
attained which gives a maximum bandwidth, low voltage-standing- 
wave ratio in the band, and mid-band frequency of desired value, as 
shown in curve C. Beneficial effects do not accrue from a further 
reduction in spacing to 0.39 inch, as illustrated by curve D. 
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Effect of Staggering the Resonant Frequencies 
of Window Elements 

The response shown by curve A in Figure 14 is not symmetrical, 
the window elements interacting properly near the lower limit of the 
band, but not functioning well in the neighborhood of the upper limit. 
The reason is that iris #1-1 resonated at 9100 megacycles, while the 
ceramic window and the iris #4-1 used in the combination resonated 
at 8900 megacycles. This staggering in resonant frequencies of the 
elements is detrimental to the filtering action and results in a lack of 
symmetry in the response curve, high standing-wave ratio, and irreg- 
ularities in the reflections over the passband. 

Effect of the Thickness of the Iris Plate 

In a series of tests, irises having a thickness of 0.005 inch were 
used in the broadbanding process. The performance curves for these 
irises lacked the distinct cutoff characteristic obtained for 0.020-inch 
irises, and the bandwidth was reduced from 1000 to 700 megacycles. 
Because the effective volume-to-surface ratio is lower in the 0.005-inch 
iris, its Q is less than the value required. Appropriate tapering of the 
Q's requires the higher selectivity of the 0.020-inch irises, which, along 
with other unaccounted-for effects, contributes to improving the 
over-all performance of the assemblies incorporating thicker iris 
diaphragms. 

Evaluation of Results 

Tests on a 200-watt continuous-wave tunable magnetron using this 
window assembly indicate that the life of the window is satisfactory. 
Because of the presence of capacitive slits in both the resonant iris 
and the window frame, the breakdown voltage of the waveguide is 
reduced and there is a consequent reduction in the power-handling 
capacity. Breakdown of the assembly has occurred at 10 kilowatts 
for pulse-type operation. 

Because both the resonant iris and the ceramic window are fre- 
quency-sensitive elements, close tolerances should be maintained on 
their opening dimensions and their spacing in the waveguide. The 
maintenance of vacuum in the magnetron precludes the use of tuning 
screws or other conventional means to adjust the resonant frequencies 
of the elements and to obtain some degree of flexibility in the spacing. 

Conclusions 

The resonant-type output window can be broadbanded by applica- 
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tion of the principles included in this article. With the aid of some 
experimental determinations, the performance of such assemblies can 
be predicted with satisfactory accuracy. Use of AlSiMag 243 for the 
ceramic plate gives a consistent bandwidth of more than 1000 mega- 
cycles with a voltage-standing-wave ratio below 1.10. When the 
experimental blend of forsterite ceramic is employed, the bandwidth 
is extended to 1570 megacycles. The response is uniform and free 
from undulations over the transmission region. 

Although the performance of mica windows with chokes16 is 
superior to that of the resonant-type output window as regards high 
power-handling capacity and absence of abrupt attenuation, the drastic 
reduction in material and the great saving in cost of manufacture 
effected with the resonant-type window makes its adoption in con- 
tinuous-wave magnetrons very desirable. This ceramic output window 
is particularly suitable for applications in which space and weight are 
factors of prime concern. 

Acknowledgments 

The writer wishes to express his thanks to B. B. Brown for pro- 
viding guidance and advice, and to H. K. Jenny, L. Kovach, and F. E. 
Vaccaro for rendering assistance in the course of this program. 
A. Leutwyler has helped to conduct many of the measurements. The 
Physical and Chemical Laboratory at Harrison supplied the experi- 
mental blend of ceramic and the Development Shop made all the finished 
window assemblies. 

16 Pp. 221-222 of Reference (1). 

www.americanradiohistory.com

www.americanradiohistory.com


DESIGN CONSIDERATIONS FOR 

FREQUENCY-SHIFT-KEYED CIRCUITS* 

By 

Walter Lyons 

Engineering Department. KCA Communications, Inc., 
New York, N. Y. 

Summary—Long-range radiotelegraph communications requires opera- 
tion during marginal conditions and the maximum utilization of the fre- 
quency spectrum. Therefore the usual precept of trading bandwidth for 
noise does not hold, and methods for frequency-shift keying are examined 
to establish ayi optimum shift and keying-wave shape. Methods for imple- 
menting the suggested modes of operation are given. 

Specifically, it is found that a considerable gain in signal-to-noise ratio 
can be realized by using sine-wave keying and unity deviation ratio. At 
high speeds, multipath delay distortion precludes the use of sine-wave keying 
and therefore an optimum keying speed is determined for maximum fre- 
quency utilization. 

Introduction 

I 

^HERE are two primary reasons for the adoption of frequency- 
shift keying (FSK) almost to the exclusion of on/oif keying in 
long-range radiotelegraph communications. The first is economy 

due to a comparative power gain; and the second is conservation of 
frequency spectrum due to means, readily and cheaply available, to 
control the shape of the keying pulse and thus to limit the extent 
of the keying side frequencies.1 

Unfortunately, there has been a great deal of reluctance to adopt 
those design factors which give optimum performance with respect to 
the two objectives, particularly as to the choice of the amount of fre- 
quency shift, which determines the modulation index. It is possible 
that this attitude has been primarily due to a failure to appreciate the 
fact that there is a gain in signal-to-noise ratio (S/N) as the spectrum 
is narrowed, for small values of the ratio.2 

For sinusoidal frequency modulation, the equation of the wave is 

'Decimal Classification: R423.3. 1 H. O. Peterson, J. B. Atwood, H. E. Goldstine, Grant E. Hansell, and 
Robert E. Schock, "Observations and Comparisons on Radio Telegraph 
Signaling by Frequency Shift and On/Off Keying," RCA Revieiv, Vol. VII, 
p. 11, March, 1946. 2 Murray G. Crosby, "Frequency Modulation Noise Characteristics," 
Proc. I.R.E., Vol. 25, p. 472, April, 1937. 
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e = E0 sin {wt + m sin pt). (1) 

This may be written 

e = E0 [Jn (to) sin u>t + (to) sin (<b + p) f — A (to) sin (w — p)t 
+ J., (m) sin ((i) + 2p) t + J2 (to) sin (« — 2p) t 
+ /.s (to) sin (o> + 3p) t — J3 (to) sin (<0 — 3p) t 
+ ••'.] (2) 

in which E0 = maximum amplitude of the wave (unmodulated carrier 
amplitude), 

to = 2ir times the frequency of the unmodulated carrier, 

p = 2it times the fundamental keying frequency, 

shift frequency 
m= deviation ratio = — 

2 X keying frequency 

deviation of frequency 
= modulation index =    

frequency of modulation 

Jn{m) = Bessel function of 1st kind of argument m and nth order 

= Amplitude, relative to unmodulated carrier of the nth 
order sideband. 

Figure 1 is a plot of Jn(m). 

In Equation (2), the frequencies present are the carrier, or mid- 
frequency, <0, the first order sidebands m ± p, etc. These components 
are analogous to amplitude modulation, differing, however, in that the 
amplitude of the carrier in FSK varies, and is dependent upon the 
modulation index. For on/off keying, if it were feasible to key 
sinusoidally, there would only exist one pair of side frequencies, cor- 
responding to m ± p when transmitting reversals. In FSK many side 
frequency pairs exist for sine-wave keying if the modulation index is 
high.3 It can be seen from Figure 1, however, that at a modulation 
index of unity, second and higher order sideband components are 20 
or more decibels down and can be neglected since 20 decibels down 
represents only 1 per cent of the power. If the deviation ratio were 
to be reduced below unity, nothing would be gained since the receiver 

3 Gilbert S. Wickizer, "Relative Amplitude of Side Frequencies in 
On/Off and Frequency Shift Telegraph Keying," RCA Review, Vol. VIII, 
p. 158, March, 1947. 
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must be able to accept the first-order side frequencies and therefoi-e 
receiver bandwidth could not be reduced. Also, the amplitudes of 
these sidebands decrease nearly linearly with the modulation index 
below unity. 

Unity deviation ratio is, as shown above, unique, and establishes 
the first criterion for FSK working. The analysis was predicated, how- 
ever, on sine-wave keying pulse shape, which departs from usual prac- 
tice on two major counts. First, unless reversals are being transmitted, 
ordinary traffic is composed of "mark" and "space" pulses which are 
generally several baud elements duration rather than a single element 
of time. Therefore the deviation ratio may increase momentarily to a 
value greater than unity; first order side frequencies may then de- 
crease but second- and third-order side frequencies will rise to restore 
the energy distribution in the spectrum. This will not, however, in- 
crease the bandwidth of the transmitted signal. 

Second, multipath delay distortion, which increases or decreases 
the pulse width, is greater for sine-wave keying pulses than for 
rectangular pulses. This is due to greater amplitude changes in the 
sine-wave pulse after detection, but is significant only at keying speeds 
in excess of 50 cycles per second. At lower keying speeds, where the 
pulse width is greater than 10 milliseconds, multipath delay is not 
significant and considerable advantage in signal-to-noise ratio can be 
gained by sine-wave keying because the bandwidth may be constricted 
to include only first-order side frequencies. Moreover, it is reasonable 
to expect greater deterioration of a rectangular pulse due to selective 
fading since the loss of the energy in the several component side fre- 
quencies will result in less total energy than that in the simple side- 
bands for sine-wave keying. A loss of the significant side frequencies 
of sine-wave keying would be more likely to cause switching in a 
system employing diversity reception. 

This leads to the conclusion that in the interests of obtaining higher 
S/N and better spectrum conservation, FSK should be shaped to cor- 
respond to sine-wave reversals on the transitions between mark and 
space. Since most frequency-shift-keying exciters in use today utilize 
reactance-tube modulation, this can be accomplished simply by insert- 
ing a low-pass filter before the reactance tube. The characteristics of 
this filter should be such as to pass the fundamental frequency of the 
highest keying speed, and to attenuate higher frequencies in a manner 
that does not cause phase distortion which gives rise to key clicks. 

Due to the presence of a "mark" wave and a "space" wave in FSK 
working, this mode of operation suffers greater multipath delay dis- 
tortion than the on/off mode. It is for this reason that facilities 

www.americanradiohistory.com

www.americanradiohistory.com


2.14 RCA REVIEW June 191>i 

should be made available for quickly changing over from FSK to on/off. 
This may be particularly important during the coming high sunspot 
cycle. At the present time we are in a low sunspot cycle, and opera- 
tional requirements i-arely necessitate on/off working on a normal 
FSK circuit. 

Under ordinary circumstances and with customary operating fre- 
quencies, the maximum multipath distortion is taken to be approxi- 
mately 2.5 milliseconds. This figure establishes the minimum duration 
of a pulse to be 5.0 milliseconds if a signal element which is 50 per cent 
of normal length is to be identified. This leads to the conclusion that 
the highest practical speed for FSK working is roughly 200 bauds 
which is equivalent to 100 cycles per second fundamental keying fre- 
quency and to 300 words per minute when using a 5-unit code. 

With the system design criteria established, it is of interest to 
consider the factors and design techniques involved in the construction 
of suitable equipment. For the transmission of FSK signals of narrow 
shift and sine-wave shape, it is required that the transmitter frequency 
stability be of a high order, or that receiver automatic frequency con- 
trol be used so that bias distortion is kept low, particulai'ly when a 
two-filter-type discriminator is used. To achieve greater stability, it 
is helpful to use push-pull modulators. All sources of instability which 
affect the two reactance modulators equally, such as filament current 
changes and temperature changes, will cause cancelling effects. When 
using the tone-division (frequency division) multiplex system over a 
single sideband circuit, it is helpful to phase the tones so as to avoid 
addition of all or most tones in phase, which would result in high peak 
values. Band-pass filtering of the keyed tones of each channel can 
assure sinusoidal shape of the transmitted signals. 

Receivers should incorporate automatic frequency control in order 
to take full advantage of signal-to-noise ratio improvement afforded by 
narrow shift without increasing operating attention, as well as to avoid 
distortion. This is a primary requirement since it allows the use of 
the narrowest bandwidth, obtaining the maximum S/N. Bandwidth 
thus may be only wide enough to receive the first-order sidebands. 
These are determined by the fundamental keying rate or the shift fre- 
quency for unity deviation ratio assuming sine-wave keying without 
multipath distortion. For 300 word-per-minute operation, during 
periods of multipath distortion, second-order components become con- 
siderable, and it is therefore required that the bandwidth before 
detection be about twice what it would ordinarily be on the basis of 
keying speed and deviation ratio alone. For speeds of 150 words per 
minute or less, multipath distortion need not be taken into account. 
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since a 2.5-millisecond maximum delay has been assumed. Thus the 
bandwidth requirement is determined by keying speed alone (unity 
deviation ratio and neglecting third-harmonic keying components re- 
quired at high speed). By halving the keying speed, a gain of about 
6 decibels in S/N accrues, since the bandwidth may be reduced to 
about one quarter of the former value, partly because of the lower 
keying speed and partly because half-baud elements are no longer 
encountered. Especially careful consideration should therefore be 
given to determining the necessary speed of a communications circuit 
before investment in equipment is made. This is most important when 
contemplating the use of powerful transmitters. 

Additional filtering, of low-pass type, is required after detection in 
order to limit the cross-modulation products produced by detection, 
which are higher than the necessary band of frequencies. As in the 
case of band-pass filtering, the low-pass filters for 300 word-per-minute 
traffic must not cut off below 200 cycles per second. If this were to 
occur, the build-up time would not be short enough to reproduce these 
fast pulses which have suffered fifty per cent multipath distortion. 

High gain and good limiting before demodulation are necessary so 
that adequate sensitivity will be obtained when using discriminator 
detection for small frequency shifts. Good limiting is especially re- 
quired so that the rejection characteristics will act efficiently in the 
reduction of interference and noise. 

Two types of detection of FSK are currently popular, "mark" and 
"space" filters each connected to its own rectifier, and the discriminator. 
These two methods are essentially similar especially if there is limiting 
after detection. The discriminator has the advantage of greater linear- 
ity for better reduction of white noise and for better fidelity. The 
"mark" and "space" filter type is somewhat more expensive but re- 
quires less limiting in the amplifier following. If, as is not uncommon, 
trigger circuits follow detection, then discriminator detection is 
favored. In the above discussion automatic frequency control was 
assumed. If automatic frequency control is not employed, then use 
of the discriminator is preferable since its linearity will allow drifting 
along its length without loss of sensitivity and margin, provided it is 
a-c coupled to the amplifier and means are incorporated to hold a 
"mark" condition when keying stops. Operation on narrow-shift FSK 
without automatic frequency control is not recommended because the 
necessary bandwidth allowance for drift defeats the original purpose. 

Since both limiting and high gain are desirable and since pulse 
regeneration is frequently used, use of sensitive trigger circuits is 
indicated. For maximum protection against noise or interference, the 

www.americanradiohistory.com

www.americanradiohistory.com


236 RCA REVIEW June 195Jt 

triggering potentials for "mark" condition and for "space" condition 
should logically be half the maximum "mark" and maximum "space" 
potentials, respectively. The output will then be a rectangular pulse 
reproducing the original telegraph signal. 

Both space and frequency diversity are often employed in com- 
munications. Consideration of the type of diversity switching for FSK 
reception must take cognizance of the limiting before detection which 
precludes selection of the stronger signal in the common detector load. 
Therefore, in order to exclude the contribution of noise from the 
weaker signal path, switched diversity action is indicated so that only 
one receiver contributes to the load — the one with the highest signal 
intensity. To accomplish this, gate tubes may be used to couple the 
output of each detector to the trigger circuits described above. The 
gate tubes, of which there is one per receiver in diversity connection, 
can be made conducting or nonconducting by trigger tubes, so that 
only one is carrying the signal. Obviously, the decision to switch must 
be made ahead of the limiting. The decision to switch, and actual 
switching, should be as short as practicable to avoid distortion of the 
received pulse, and care must be exercised to avoid the possibility of 
the diversity switching causing false characters. As before, taking 
the shortest pulse to be five milliseconds, and with a five per cent 
limit for distortion, maximum switching time must be limited to 0.25 
millisecond. 

There has been considerable disagreement within the industry as 
to the optimum number of receivers for diversity reception. Recent 
tests indicate that the contribution of the third receiver decreases as 
conditions worsen, so that at error levels which barely may be con- 
sidered commercial, the help of the third receiver is very little. An 
economic consideration will show that the expense of the additional 
facilities required for triple diversity as opposed to dual might better 
be applied to either a higher powered transmitter or better receiver 
and transmitter antennas. 

Conclusions 

The following procedures appear to be desirable in the interest of 
economy of operation and frequency conservation. 

1. Frequency shifting should be sinusoidal for alternate element 
reversals. 

2. The deviation ratio (modulation index) should be unity on re- 
versals. 

3. Two-receiver space diversity reception is indicated. 
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4. Automatic frequency control is a prime system requirement. 

5. Filtering should be designed to pass only first-order frequencies 
except for speeds utilizing pulse elements shorter than 10 milli- 
seconds. For the latter, filtering should pass no higher than 
second-order frequencies. 

With this mode of operation, as opposed to the present practice of 
using rectangular pulse elements and a deviation ratio of five, it appears 
that a gain of about 6 decibels is obtained. In addition, the transmitted 
spectrum is reduced by about 70 per cent when measured between 
points 40 decibels down. 
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APPLICATION OF BREWSTER'S ANGLE TO THE 

DESIGN OF COAXIAL-LINE COMPONENTS 

FOR MICROWAVES* 

By 

B. A. DAHLMANt 

Summary—The boundary surface between two dielectrics can be used 
to refract electromagnetic waves. In principle, a uniform TEM tvave can 
be refracted without reflections over an infinitely wide frequency band 
(the "Breivster Angle" effect). An investigation has been made of the 
application of this effect to the transition between a coaxial and a conical 
line. Experimental results show that fairly low reflections can be obtained 
over very wide frequency bands. Conical lines are very useful as adapters 
between different types of coaxial systems. An adapter between a %-inch 
and a 3/s-inch coaxial line, both with 50 ohms impedance, was built and 
tested. The voltage-standing-wave ratio was less than 1.06 in the frequency 
range from 2000 to 5800 megacycles. Some suggestions are made for other 
applications. 

Introduction 

IF a uniform transverse electromagnetic (TEM) wave,* traveling 
in one dielectric (tj) impinges upon a plane boundary surface 
between this dielectric and another dielectric (eg) (see Figure 1), 

it may, under certain conditions, be transmitted through the surface 
without any reflections. These conditions are that the wave be polar- 
ized in the plane of incidence, and that the angle of incidence be: 

/ £2 
(?! = arctan i/ . (1) 

From a physical or field point of view this simply means that we can 
satisfy the boundary conditions at the surface by assuming only one 

'Decimal Classification; R310. 
t Formerly Research Department, RCA Laboratories, Princeton, N. J. 
t A uniform TEM wave is one for which E and H are constant in a 

plane normal to the direction of propagation. It can exist only in free 
space, or between two parallel infinite conductive planes. The TEM wave 
in a coaxial line is nonuniform because E and H vary over a plane normal 
to the direction of propagation. 
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incident and one transmitted wave. However, we can also explain the 
Brewster angle effect from a transmission line point of view. This 
will be demonstrated. 

For waves other than uniform TEM waves, the Brewster angle 
effect generally does not occur. There is, for instance, no equivalent 
phenomenon for TE or TM waves in hollow waveguides. However, the 
TEM mode in a coaxial line, although it is a nonuniform wave accord- 
ing to the definition given previously, can be refracted with small 
reflections by a dielectric boundary surface cut at Brewster's angle. 
Reflections from certain kinds of discontinuities can be minimized in 
this way. It will be shown how this effect can be applied to the design 
of certain microwave components. 

Fig. 1—A uniform TEM-wave impinging upon the boundary surface 
between two dielectrics at Brewster's angle. 

Explanation of Brewster's Angle from a Transmission- 
Line Point of View 

Figure 1 shows a uniform TEM wave impinging at Brewster's 
angle upon a boundary surface between two dielectrics. The boundary 
conditions at the surface require that the tangential components of 
E and H be continuous at the boundary surface and that the normal 
component of E be inversely proportional to the dielectric constant. 
It is easily shown that these conditions are satisfied by only one inci- 
dent and one transmitted wave for which 

sin / e2 
—-=,< / —. (2) 

sm #2 V fi 

Conducting planes may be inserted perpendicular to the E'-lines without 
disturbing the field. If two such planes are inserted in each dielectric 
in such a way as to intersect on the boundary surface, as shown in 
Figure 2, the result is two infinite parallel-plane transmission lines 
connected at the surface. Since the field is not disturbed, no reflections 
will occur at the junction between the lines. For the relation between 
b and a, the following equation holds: 
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■A ■ 

Fi^. 2-—The Brewster angle effect applied to transmission lines consisting 
of two infinite parallel planes. 

b cos 6., 
- = ^ (3) 
a cos 91 

If Equations (1) and (2) are substituted in Equation (3), 

-=]/--■ (4) 

a r 

The characteristic impedances of the lines are 

a h 
Z, = k , Z, = k . 

Vt! Vca 

By combining these expressions with Equation (4), 

Z1 = Z2. 

This circuit is shown in Figure 3. 

Application of Brewster's Angle in Coaxial Structures 

Tivo Basic Arrangements 

If the projection of a parallel-plane line, as shown in Figure 2, is 
rotated about an axis parallel to the direction of propagation in one 
of the lines, it will generate a coaxial structure of the type shown in 

Fig. 3—Equivalent circuit for Figure 2. 
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Figure 4a. A TEM wave traveling in the cylindrical line toward the 
boundary surface has a plane wave front, and Equation (1) can be 
applied to determine the slope of the dielectric face which will refract 
the wave into the conical line. A more complicated situation is found 
in the conical section of the line. It might be anticipated that a wave 
would travel along the cone with a conical wave front perpendicular 
to the two guiding surfaces, but it can be shown that such a wave 
cannot exist. (See Appendix I.) The consequence is that a wave 
entering at the small end of the cone must undergo a transformation 
to a different mode having a longitudinal component of electric field. 
This produces an effect similar to that of a distributed shunt capaci- 
tance in the vicinity of the boundary surface. (See Appendix II.) 
There are several ways in which this structure, including the shunt 
capacitance, can be represented by an equivalent circuit; one such 
representation is shown in Figure 4b. Here the shunt capacitance is 
concentrated in lumps at A and B. 

The second of the two basic arrangements is illustrated in Figure 
5a. This diagram represents the junction of a cylindrical coaxial line 
with a conical line of constant characteristic impedance.* The wave in 
the conical line has a spherical wave front. The question then arises 
as to whether the dielectric boundary surface should be cut at the 
Brewster's angle appropriate to a plane wave front in the cylindrical 

 y.   

Zo "]" Z|IX)]~ ZgW  
A B 

Fig. 4b—Equivalent circuit for Figure 4a. 

* The impedance is constant along the conical line if the vertices of the 
cones lie at the same point on the axis. 
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constant impedance. 

line, or at the angle required by the wave in the conical line. The first 
leads to a conical boundary surface, and the second to a curved surface 
generated by revolving an exponential spiral around the axis of the 
lines. It is also possible to effect a compromise between the two bound- 
ary shapes. All three methods have been tested experimentally, and 
the results, which will be discussed subsequently, show that the first 
approach leads to the best result. In a design based on the first 
approach, the slope of the boundary surface depends only on the ratio 
of dielectric constants in the two line sections. The angles <£„ and ^ 
(Figure 5a) are determined by placing the vertices of the two cones 
at the point P on the axis which makes the impedance of the conical 
line equal to that of the coaxial line. Formulas for the calculation of 
these angles will be found in Appendix III. In this case, as in the 
previous one, the wave which is delivered to the conical line at the 
junction is not exactly what is required for propagation between the 
two conical boundary surfaces, and therefore there must be a mode 
transformation which takes place mostly in the region between A and 
B. The equivalent circuit therefore includes two lumped capacitances, 
as shown in Figure 5b. The E component perpendicular to the B sur- 
face is larger than that found in Figure 4a, and therefore the shunt 
capacitances in the equivalent circuit are larger than those in Figure 
4b. In either construction the effect of the shunt capacitances can be 
reduced by cutting off the sharp tip of dielectric at the plane A. 

Since there is an approximation involved in determining the slope 
of the dielectric face, it is not to be expected that microwave devices 

n zo t T zo 

Fig. 5b—Equivalent circuit for Figure 5a. 
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designed according to the principles described above will be completely 
reflectionless. However, the results obtained with the experimental 
devices, which are described in the following section, show that very 
good performance can be obtained over wide frequency ranges. 

Experimental Data 

To check the performance of the couplings several experimental 
models were designed. Figure 6 shows a coupling between a 48-ohm 
air-dielectric coaxial line and a conical taper of the kind shown in 
Figure 4a. A termination was made of tapered strips of resistive 
bakelite inserted in radial slots in the polystyrene. The line was too 
short however for the strips to be a good match below about 6000 
megacycles. A signal generator and a slotted line were connected to 
ths coaxial line and the voltage-standing-wave ratio (VSWR) was 
measured at several frequencies. The results are plotted in Figure 7. 

Fig. 7—VSWR for the connection shown in Figure 6, accurate 
to within ± .02. 
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Fig. 8—(a) Adapter between two 50-ohm coaxial lines of different 
dimensions; (b) shape of refracting dielectric. 

The increase in VSWE for lower frequencies is due partly to increased 
reflections from the termination and partly to the fact that the change 
in characteristic impedance of the conical line per wavelength along 
the line increases with the wavelength. The very low reflections at 
higher frequencies show that the lumped shunt capacitances in Figure 
4b are small. 

Figure 8a shows an adapter between two 50-ohm lines of different 
dimensions in which the characteristic impedance of the conical line 
is 50 ohms. This corresponds to the second basic arrangement. It was 
pointed out that there could be some question as to which shape of the 
dielectric boundary surface would be most suitable in this case. Three 
different shapes, which are shown in Figure 9, were tried. Curve I is 
for the cone, wherein the cone angle is chosen so that the wave in the 
coaxial line impinges upon the boundary surface at Brewster's angle. 
Curve II is the shape that corresponds to Brewster's angle for the 
spherical wave in the conical line. Curve III was designed as a com- 
promise between Curves I and II. This design was started by dividing 
the structure into several concentric zones, and considering the action 
of waves arriving at the boundary surface from the two directions. 
Each facet of the dielectric surface was sloped so as to achieve the 
minimum reflection of waves arriving from either direction, and to 
balance the reflections over the whole surface so that cancellation could 
be assumed to occur. The net effect, if the theory had been correct, 
would have been almost complete cancellation of reflections at the 
boundary. 

////////S7 
Pig. 9—The shapes of the dielectric boundary surface, corresponding 

to the curves in Figure 10. 
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Fig. 10—VSWR for the adapter shown in Figure 8, accurate to within ± .02. 

The VSWR of the adapter measured with a slotted line in the 
smaller line when the bigger line was terminated in a matched load 
is shown in Figure 10, where la, II and III correspond to different 
shapes of the dielectric. It is obvious that curve la is the best. In 
order to compensate for the shunt capacitances, part of the dielectric 
was cut off. These parts are shown dark in Figure 8b. The resulting 
VSWR curve is plotted in Figure 9 curve lb. The VSWR for the same 
adapter without the dielectric was 2.5 at 6,000 megacycles. 

Some Circuit Elements Using Brewster's Angle in Coaxial Systems 

We have already described an adapter between two transmission 
lines of the same impedance and with the same dielectric but with 
different dimensions. Figures 11-13 show ideas for other possible 
applications. Figure 11 is a transformer between two coaxial lines 
having different characteristic impedances. The figure shows the case 
where the dielectric constant for the material in the taper is higher 
than for the material in the lines. In case the lines are filled with 
dielectric, the material in the taper can have a lower dielectric constant. 
The boundary surface then has to be cut in a somewhat different way. 
(The left end of the taper in Figure 13b is an example of this case.) 

Figure 12 shows how a wave can be guided around a right angle 

DIELECTRIC 

/ 
1 1 
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m/ 
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Fig. 11—Transformer between coaxial lines of different impedance, 
using Brewster's angle. 
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Fig. 12—Adapter between coaxial line and radial line, 
using Brewster's angle. 

bend into a radial line. In the case shown in the figure the radial line 
has the same dielectric as the coaxial line. The direction of propaga- 
tion changes by 45° at each boundary surface. 

Using the nomenclature of Figure 1 we have 

: 45" 

tan dl — A and tan 0., = 

Thus, 

/ €2 

tan (fl, — 02) = ■ 
V r-'V 

tan 45° = 1 
tan Oj — tan ffn 

1 + tan tan do 2 

ca/e, = 5.8. 

Thus the ratio of the dielectric constants in the adapter to that of the 
lines should be either 5.8 or 1/5.8. The first of these cases is shown in 
Figure 12. 

Figure 13a shows a transformer between a dielectric-filled and an 
air-filled coaxial line with the same characteristic impedances. The 

Fig-. 13a (left) and b (right)—Adapters between dielectric-filled and 
air-filled coaxial lines of equal impedance, using Brewster's angle. 

www.americanradiohistory.com

www.americanradiohistory.com


APPLICATION OF BREW STEP'S ANGLE 247 

dimensions of the conical lines are determined by the dielectric they 
contain in accordance with Appendix III. These dielectrics should be 
chosen so that the condition for the Brewster's angle effect are ap- 
proximately satisfied at the intersection of the cones. A simpler and 
probably better design is shown in Figure 13b. In order that the 
conical wave in the taper be transformed back to the TEM-wave in 
the coaxial line, the dielectric constant in the taper should be equal 
to the square root of the product of those in the lines. An adapter 
between a EG-8/U cable and 7/8-inch coaxial line, for instance, could 
be made in this way. 

Appendix I — Proof of the Nonexistence of TEM-Mode 
Propagation in a Conical Line 

A conical coordinate system, illustrated in Figure 14, is used. The 
coordinate lines are given as intersections between coordinate surfaces 
(w-cones, v-cones and w-planes). Thus w-lines (lines where v and v> 
are constant) are intersections between ii-cones and it;-planes, and so 
on for D-lines and w-lines. The top angle (2a) for the w-cones is equal 
to the top angle for the cones in the conical line. The top angle for 
the v-cones is tt — 2a. 

W-PLANE 

Fig. 14—Elements of a conical coordinate system. 

Schelkunoff's method1 for evaluating the vector derivatives in Max- 
well's equations for this coordinate system is used. The lengths of a 
short line-element dS along a coordinate line is given by 

dS,, = du cos a = e^du ej = cos a 

dS,, = dv sin « = e-^dv e2 = sin « 

dSw = dw (u -f v) sin « cos a = e:idw = sin a cos a {u + v) 

Div and curl for a vector F = (Fu, Fr, Fw) is then given by 

1 
div F = 

ele2e3 

"3 d 9 
- {t'-2 Cn K) H Oi Fv) + - 

dn dv 2 iv 
Oi Co F„.) 

1 S. A. Schelkunoff, Electromagnetic Waves, D. Van Nostrand Co., Inc., 
1943, pp. 9-12. 
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curl„ F = F 
<^3 L 

3 (.e3 FJ d (e2 F„) 

3-y dtv 

Curlp and curlro are obtained from curl,, by cyclic permutation. We will 
assume a TEM-wave with radial symmetry and show that such a wave 
does not satisfy Maxwell's equations. For the symmetrical TEM-wave 
we have 

Eu — 0, 

EV = E, 

Ew = 0 , 

Hu — 0, 

Hv = 0 , 

2A'„ ZEU 

du dv dw 

ZEV dE dEv 

du du dv 

VEW 1 

VE„ 

du dv dw 

oHu dHu 

du dv dw 

1 
^ 

1 15 dHv ■dHv 

du dv dw 

W _ dH tHw 

dE dEv 

dv 

0 

0 

■ = 0 
du du dv 'dv 

Using these expressions to evaluate the div and the curl, and inserting 
the result in Maxwell's equations, we obtain, finally 

I Div E = 0 

1 

sin a 

II Div^=:0. 

This is identically satisfied. 

Ill Curl E — — joiniJL0 H 

1 dE 

dE E 

'dv u + v _ 
— 0. (1) 

COS a 
ju>nix0 H. (2) 
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IV Curl H = juitcQ E, 

1 

sin a 

1 

cos 

Equation (2) gives 

H 

dH H 

dv u + v _ 

r^H H ~ 
 h ■   
du u + v _ 

1 
 fo (u , w). 
11 + V 

= 0. (3) 

= H■ (4) 

(5) 

(6) 

Equation (1) gives 

1 
E — /i (u , xv). 

u + v 

Inserting Equations (5) and (6) in (2), we obtain 

3/! (u ,w) 1 
 f1 (u , w)  = — cos a /o (u , w). 

3m u+V 

The right-hand member of this Equation is independent of v. Thus the 
left-hand member should be independent of v, which gives 

fi (m , w) = 0. 

Thus there is no electric field of the assumed type which satisfies Max- 
well's equations. For symmetry reasons, the waves must be TM waves. 

Appendix II—Coaxial-Line to Conical-Line Coupling 

It will be shown that the mode transformation from the TEM mode 
in the coaxial line to the TM modes in the conical line introduces an 
effect similar to a shunt capacitance. 

There is a longitudinal jE'-component in the conical line (Appendix 
I). To match the boundary conditions there must thus be a longitudinal 
JE'-component in the coaxial line. However, the wave impinging upon 
the boundary surface from the coaxial line is a TEM wave. The E- 
component must belong to reflected waves. The lowest TM mode in a 
coaxial line has a cutoff wavelength 

A,! ~ 2(a — 6) 
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where a and h are the outer and inner radii. The values of Xcl for the 
lines shown in Figures 6 and 8a are 

Figure 6: \c = 1.33 cm. Amin = 2.2 cm. 

Figure 8a small line: Xc = .81 cm. Amin = 5 cm. 

Figure 8a big line: A,, = 2.34 cm. 

\min is the shortest measured wavelength. In all cases \min > \c. 
The TM modes will thus be nonpropagating and contain only reactive 
power. The field components of these modes in a cylindrical coordinate 
system are 

2n" 
E, (r , z) = R (r) e Xc — f'-(7.) 

H... = 

fc / 27r 3r 

/ / ?EZ 

V fc 27T 

Where t; is the intrinsic impedance of the dielectric in the line. The 
ratio between the stored electric and magnetic power for the lowest 
TM mode is 

We «0 / (Er'- E^2)2 dv / fc \~ f R2(r) dv 
1 +■ 

lJ-lJ-n f H.i,2 dv \f / r/dR(r)\2 / f \2 / A0 
dv 

f dr / \fc / \2 

If ( — ) > 2, 
/ t 

The expressions for Ac and Xmi„ show that in our case, (fc/f)
2 > 2. The 

stored electrical energy is then bigger than the stored magnetic energy 
for the lowest TM mode. For higher modes, WE/WM will be still bigger. 
Thus the TM modes introduce a capacitive effect. It is more appro- 
priate to represent this effect with a shunt capacitance than with a 
series capacitance, because the discontinuity effect has a finite value 
when the frequency approaches zero. 
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Appendix III—Formulas for <£„ and (f,b in Figure 5 

The impedances of the coaxial and the conical lines in Figure 5a are 

60 b 
Zcx = In — 

VTi a 

$6 
tan    

60 2 
7 =   In  . 

Ve2 4'a 
tan  

2 

For Zcx = Zc 

^ ^ (h yn'H 
tan = tan (•—) (7) 

2 2 \ a / 

When the dielectric constant of the material in the conical line is lower 
than that in the coaxial line, the boundary surface should be cut as is 
shown in Figure 5a. Then 

/ e2 

a cot <£a = ?) cot </>„ + (b — a)  . (8) 

If Equation (7) is inserted in Equation (8), 

tan ■ 

tan 

2 (p —1) (2m—1) 

</>„ (p^-^ — Dp 

2 {p— 1) (2m— 1) 

where p = b/a, m — 
ei 

An example of how the boundary surface should look in case the 
dielectric constant in the conical line is lower than in the coaxial line 
is shown at the left end of the taper in Figure 13b. The same expres- 
sions for tan (<£a/2) and tan (</>,,/2) are valid in this case, except that 
the sign of m in the denominator is changed. 
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A MINIMUM NOISE FIGURE FOR THE 

TRAVELING-WAVE TUBE* 

By 

Stanley Bloom and Rolf W. Peter 

Research Department, RCA Laboratories, 
Princeton, N. J. 

Summary—The transmission-line analog of a- modulated electron beam 
is employed in the derivation of a general expression for the minimum 
obtainable noise figure of a traveling-wave tube, for arbitrary values of 
space charge and helix loss. The existence of this minimum noise figure is 
a consequence of the lack of correlation between the initial noise current 
and velocity fluctuations of the beam. This condition prevails in the limit 
of very high frequencies. 

Practical design instructions are given for the realization of this 
optimum noise figure; they consist of formulas for the optimum radio- 
frequency beam impedance at the input of the given helix. The required 
impedance transformation from cathode to helix can be effected in many 
different ways. Impedance diagrams, or Smith charts, commonly used in 
the solution of transmission-line problems, can be adopted to simplify the 
design of an optimum impedance transformation along the beam in a 
low-noise gun. 

Introduction 

PTT^HE propagation of noise space-charge waves along the electron 
I beam of a traveling-wave tube, or any other beam-type ampli- 

fier, is most conveniently described in terms of the transmission- 
line analog of the modulated electron beam.1 According to this analogy, 
any section of a single-velocity, laminar-flow beam behaves like a sec- 
tion of lossless transmission line, that is, like an impedance trans- 
former. If the equivalent radio-frequency (r-f) noise current Ia and 
r-f noise voltage Va are known at the plane of the virtual cathode, the 
output values at any subsequent plane can be computed from a knowl- 
edge of the transformer matrix elements. Thus the values of beam- 
noise current and voltage at the plane of the helix input can be found 
and used to calculate the noise power output of the amplifier and thence 
the noise figure. 

In the early treatments of noise in beam-type amplifiers the elec- 
trons are assumed to leave the virtual cathode with zero d-c velocity, 
i.e., the Llewellyn and Peterson2 space-charge factor, £, is taken to 
be unity. Then the transformer matrix elements multiplying Ia are 

* Decimal Classification: R339.2. 
i S. Bloom and R. W. Peter "Transmission-Line Analog of a Modulated 

Electron Beam," RCA Review, Vol. 15, p. 95, March, 1954. 
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also zero, so that only Va enters into the analysis. This is the model ol 
Hack,3 Llewellyn and Peterson, which was used by Pierce4 and others 
to compute the noise figure of the traveling-wave tube. 

If, more realistically, the d-c, or mean, velocity of the electrons at 
the virtual cathode is given its small but finite thermal value, then 
both the initial noise current Ia and noise voltage (velocity) Va must 
be considered. This was first done by Watkins in an unpublished por- 
tion of his dissertation.5 For Ia Watkins takes full shot noise and for 
Va, as in the earlier treatments, the value corresponding to the Pack 
velocity. Furthermore, he assumes Ia and Va to be uncorrelated. The 
noise figures due to each alone are then added to obtain the over-all 
noise figure. These separate noise figures vary oppositely with respect 
to certain parameters so that the over-all noise figure possesses a 
minimum value. 

In this paper, the assumptions of full shot noise for the initial 
current (Ja) and of the Rack value for the uncorrelated initial noise 
voltage (Va) will be adopted, without detailed justification. It can be 
shown, however, that this represents the limiting case, which holds 
under the condition of long transit angles in the diode region. 

Watkins' treatment considers only the case of zero space charge and 
zero helix losses, and is limited to a very special kind of impedance 
transformer between the diode and the helix, namely, two drift spaces 
joined by an infinitely short d-c voltage jump. 

In the present study a generalized treatment is employed, applicable 
to practical traveling-wave tubes having arbitrary space charge and 
arbitrary helix losses. Furthermore, the entire region extending from 
the virtual cathode to the helix drift space will be lumped into a single 
impedance transformer characterized simply by its matrix elements. 
Such an approach will not only yield a formula for the minimum noise 
figure obtainable under various given conditions of space charge and 
helix loss but will also furnish practical instructions for realizing this 
noise figure.* 

2 F. B. Llewellyn and L. C. Peterson, "Vacuum-Tube Networks," Proc. 
I.R.E., Vol. 32, p. 144, 1944. 3 A. ,1. Rack, "Effect of Space Charge and Transit Time on Shot Noise 
in Diodes," Bell Sys. Tech. Jour., Vol. 17, p. 592, 1938. 

4 J. R. Pierce, Traveling-Wave Tubes, D. Van Nostrand Company, Inc.. 
New York, N.Y., 1950. 

5 D. A. Watkins, "Noise Reduction in Beam Type Amplifiers," disserta- 
tion, Stanford University, 1951. 

* In a recent article, F. N. H. Robinson ("Mic',owav<? Shot No'se in 
Electron Beams and the Minimum Noise Factor of Traveling-Wave Tubes 
and Klystrons," Jour. Inst. Radio Evg. (Brit.), Vol. 14, p. 79, 1954) also 
treats the problem of minimum traveling-wave tube noise figure. His 
analysis, however, like W^atkins', holds only for the idealized case of zero 
space charge and zero circuit loss and leads to the same result for minimum 
noise figure. 
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Derivation of Formula for Minimum Noise Figure 

The system being considered is shown in Figure 1. The region from 
plane a (which will later be identified with the virtual cathode) to the 
beginning of the helix drift space, plane c, is depicted as a general im- 
pedance transformer. Actually, it represents the low-noise electron 
gun which is equivalent to a transmission line of variable characteristic 
impedance. The values of the r-f current and voltage at the trans- 

LINEAR TRANSFORMER: 
LINE OF VARYING 

^RACTERISTIC IMPEDANCE wj 

CURRENT WAVE 
EXCITED BY !„ 

CURRENT WAVE 
EXCITED BY V0 

\ 
-L
 

n<
 

' 

—c— J 

Fig. 1—The portion of the electron beam from virtual cathode (a) to begin- 
ning of helix drift space (c) is represented by a lossless transmission line 
of varying characteristic impedance. The subsequent portion of the beam 
with constant impedance is represented by a uniform transmission line. The 
current distribution of the two uncorrelated noise waves is shown along 

this line. 

former output can be expressed in terms of the input values by the 
following matrix equation: 

Vc = AVa + iBIa 

Ic = jCVa + DIu 

(1) 

where the matrix elements are real and, by conservation of r-f power 
(V'I+ VI'), obey 

AD + 80=1. (2) 
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Following the transformer is a drift space at helix potential where 
the beam has a constant characteristic impedance W, related to the 
total d-c current /0, d-c voltage V0, plasma frequency u>p, and signal 
frequency <« by 1 

n Up 
JV = 2 . 

Io u 

If the distance z from the transformer is measured in plasma-frequency 
radians, <J> = z<iip/v0l where v0 is the d-c beam velocity, then V and I 
in the drift space are given by 

V=:VC cos (j} + j W I,, sin </> 

I — j W-1 Vc sin (ji + Ic cos t/) 

which, with Equation (1), becomes 

V= (A cos $ — CW sin Va + j (B cos ^ + DW sin (/>) Ia 

I = j W-1 (A sin </. + CW cos </,) Va (3) 

+ W-1 {DW cos cj) B sin </>) Ia. 

Now, as stated earlier, the noise voltage Va and noise current /„ 
at the virtual cathode will be assumed to be uncorrelated. Then, prop- 
erly, in computing the noise figure of the tube, the space-charge waves 
due to Va must be treated separately from those excited by Ia. De- 
noting the former by primes and the latter by double primes, the two 
pairs of space-charge waves in the helix drift space are 

cos (<£ — £') 
V' = A Va  

and 

cos 4 
(4a) 

AVa sm(4>-n 
I'=j   

W cos t' 

cos — 
V" = j B Ia  

COS C" 
(4b) 

B Ia sin (^ — I") 
I"   

W cos C" 
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where the phase angles are defined by 

CW DW 
tan^' = ; tan ^" = . (5) 

A B 

The over-all noise figure is the sum of the noise figure associated 
with the Va waves and that associated with the waves: 

F = i + k\aV' + jpw /' i2 + fc |« y + jpw I" I2, 

where, for brevity, we call 

a= S2 + S3 

pm (§2 S3 — y2)/y 

k = y/2 KTW Af 

y = VIQC = fflp/wC = W I0/2 V0C. 

Here QC is Pierce's space-charge factor and C his gain parameter. 
The 82 and S3 are Pierce's propagation constants for the two non- 
increasing forward waves; they are complex functions of QC and of 
the helix loss. The room temperature is T in Kelvin degrees, K is the 
Boltzmann constant and A/ the frequency bandwidth. The derivation 
of the basic formula for the noise figure of the traveling-wave tube is 
given by Pierce4 and, for the case of non-zero QC, by Watkins.6 

Inserting the values of r-f voltages and r-f currents given by 
Equations (4) we obtain for the noise figure 

F — 1 A2 

  ~ i 12 I "■ cos t — /? sin i/* |2 

k cos2 £' 

B- 
+ |/u|

2—— i<vcos (t-r + n — Psin f^-r + Di2 

cos2 £" 

where 

^ ^ - r 

is the angle measured from the voltage-maximum (or current-zero) 
of the Va wave in the helix drift space to the beginning of the helix. 

This expression for the noise figure can be simplified, since, by 
Equations (2) and (5), 

6 D. A. Watkins, "Noise Reduction in Beam Type Amplifiers," Proc. 
I.R.E., Vol. 40, p. 65, January, 1952. 
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W sin (r-n 

AB cos cos 4" 

and therefore 

F-l / W 
-|Fa|

2 — 
fc \ B 

cos2 c 

+ Kol 
/?2 

cos2 C" 

sin2 (r-D 

/ (^-r + D, 

/(^) 

where 

/(i/r) = |a cos ^ ^ sin i/'l2. 

(6) 

(7) 

(8) 

Since the Va noise figure predominates, the over-all noise figure is 
smallest when sin2 (^" — ^/) is a maximum.* Thus 

r - r=± ■ (9) 

When this value for the phase difference is inserted into Equation 
(7) and a differentiation is made with respect to the quantity 
(W/B)2 cos'2 it is seen that the noise figure has a lowest value of 

F — 1 
■ = 2W \Ia Va\ [/(» f(t + W2)V (10) 

when 

W 

B 
cos2 c" — W 

WJ 

/(^ + 77/2) 

fW 
(11) 

Since the function defined by Equation (8) consists of a constant 
plus a sinusoid, it can be written in the form 

2fW = (/mar + Anln) + (/max —/miJ COS (2<P + y) (12) 

where 

* Rigorously, differentiation of F with respect to i" — £' shows that the 
minimizing value is that of Equation (9) when f has its minimizing value 
given by Equation (16). 
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afi* + a*/? 
tan y : 

June 195Jf 

(13) 

and 

2/ma.= H2+l/?|2+l«2 + ^| 

2/nnn = H2+ b8i2-k2 + /n 
(14) 

These functions (/maj and /nlin) have been computed by Watkins6 in 
terms of the space-charge factor QC and helix loss parameter d under 

0 .2 .4 .6 .8 
SPACE-CHARGE FACTOR OC 

Fig. 2—The functions and versus the space charge factor QC, are 
shown for several values of the helix loss parameter d oi a traveling-wave 

tube operating at maximum gain. (From D. A. Watkins.6) 

the supposition that the tube is operating at maximum gain; Watkins' 
curves are reproduced in Figure 2. 

In terms of the minimum and maximum of Equation (10) 
becomes 

F — l 
 =W\IaV<l\ [(/ma.4-/min)

2-(/mai-/mln)
2cos2(2^-f y)]* (15) 

k 
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which is a minimum when the helix position is such that 

lip -\- y = tt. (16) 

Thus, we find for the minimum noise figure of the traveling-wave 
tube, subject to the fundamental assumption that at plane a uncor- 
related noise voltage and current excitations Va and Ia exist and that 
beyond plane a single-velocity theory is valid, 

IW   
F = 1 +   ViQC V/mi.. /max* ^7) 

ATA/ 

We now place plane a at the virtual cathode of a space-charge- 
limited diode and take for the entrant noise convection current full 
shot noise, 

l-^ol2 — 2e /0 A/. (18) 

The entrant r-f noise velocity, as evaluated by Rack, is the mean square 
value of the fluctuation of the average velocity of the anode-directed 
electrons at the plane of the virtual cathode; 

  e K T,. A/ 
W2= (4 — 7r) . 

m /„ 

Since the r-f voltage is related to the r-f velocity by1 

Vo v 
V--  

e/vi 

it follows that 

(4 —tt) K T,. A/  
1F0|2 = Vo2 (m 

e/0/m 

or, 

\Va\2 = 2 (A-tt) (KTc)*Af/eI0 (20) 

since the mean square thermal velocity is V(>(^—2K Tc/m. 

Thus, with 

\VJa\/2= \/4-7rK Tr A/, 
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we obtain for the minimum noise figure 

T 
f =1+2 V4-7r —V4QCV/mm/n1ax, (21) 

T 

the impedance transformer and the helix position being subject to the 
constraints of Equations (9), (11), and (16). It is seen that the value 
of the minimum noise figure is independent of the particular impedance 
transformation. 

An important relation for the noise current in the drift space is 
obtainable quite easily from the transmission-line formalism. Since 
the entrant excitations Va and Ia are uncorrelated, the total noise 
power must be the sum of the separate noise powers, e.g., 

|/|2=|/'|2+ |7"|2. 

Thus in a drift region following any type of impedance transformer, 
it is seen by Equations (4), that 

/ a v s™-* I B V sin2 ('A-r + n 
\IW\* = \VS'[ —  +|/al

2 —  -• 
\ H' / cos~ r \ w / cos2 C" 

(22) 

If this is put into the form of a constant term plus a sinusoid, the 
minimum and maximum values are found to obey 

AB sin (r~n 
I -^mhl ^max I I 1 * 

W2 cos C" cos 4" 

which, because of the general relation Equation (6), itself a conse- 
quence only of Equation (2), reduces to simply 

= • (23) 

According to Equation (23), the product of noise-current minimum 
and maximum along a drifting beam, multiplied by the constant 
characteristic impedance, is invariant to arbitrary impedance trans- 
formations and is equal to the product of the initial amplitudes of 
uncorrelated noise current and voltage excitations.' 

* It was pointed out to the authors by D. A. Watkins that a formula 
similar to Equation (23) establishing the invariance of /mi„| has 
been derived by J. R. Pierce in a paper to be published. 
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In a formal way, a resistance value (real) can be attributed to the 
ratio of the initial current and voltage excitations, 

Va 1F01 
Ba = = , (24) 

la \Ia\ 

since this satisfies the requirement that the total noise power be the 
sum of the individual uncorrelated noise powers, i.e., 

|/|2=|/' + /"|2=|7'|2+ |/"|2. (25) 

Then Equation (23) takes the familiar form 

K\Ia\2 = W\Im^Imia\, (26) 

which is simply the expression for the conservation of real power 
I{a, |/a|

2 traveling along a transmission-line of characteristic imped- 
ance W. 

Discussion of Formulas 

Let us now investigate the implications of the conditions which 
minimize the traveling-wave tube noise figure. 

By virtue of Equations (12) and (16), 

f(<p^ tt/2,)//(</') =fmax/fmin = V2- C27) 

Thus Equation (11) becomes, after substituting the value of £" from 
Equations (5), 

W\Va/Ia\ 
v. (28) 

+ (DW)- 

Finally, Equation (9) together with Equations (5) gives 

AB/CD = W2. (29) 

Combining the power conservation relation, Equation (2), with 
Equations (27), (28), and (29), the optimum impedance-transformer 
matrix elements, in terms of the element I), are given by 

la 
A =DW i-j   , and 

Vn 
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B ■- 
w va i w Va 
— - {DW)2 = — 

_ V V h 
C. (30) 

The noise current standing-wave ratio in the helix drift region 
when the impedance transformer is optimized for minimum noise figure 
can now be evaluated. Equation (22) becomes, because of Equations 
(5) and (9), 

I 2 1 va 1 

K w 

1 
sin- \[/ -t-—c 

V 
(31) 

Thus the noise current standing-wave ratio 77 under optimum condi- 
tions is given by 

1/12 Ar 

m2n / min 
(32) 

This ratio can be measured with a movable cavity probe which is re- 
sponsive only to the fundamental radial mode of space-charge wave 
propagation. It is shown in Figure 3 as a function of the space-charge 
factor QC and the helix loss parameter d. 

The quantity (F —1) T/Tc from Equation (21) versus QC for 
various values of d is given by Figure 4. From these curves the mini- 
mum noise figure is obtainable once the temperature ratio is known. 
In the limit of zero space charge and zero loss (QC = 0 = d) 

2 V4QC \//min /mal 1 

and Equation (21) reduces to essentially* the result of Watkins.5 

Suppose, now, that the impedance transformer is optimized for 
lowest noise figure but that the helix position is varied. The noise 
figure will then go through minima and maxima, spaced 7r/2 plasma- 
frequency radians apart. From Equation (15), the noise figure stand- 
ing-wave ratio is 

T 
1 + V4 - vr — V4QC (fmin + /mal) 

Fnmx T 
- ■ (33) 

Fmm   Tc  
1 + 2V4 - TT — V4QC V/min /max 

T 

* For the initial d-c velocity at the potential minimum, Vu„, Watkins 
takes the mean value, whereas the r.m.s. value is used here, since to be 
consistent, r.m.s. values must be taken on both sides of Equation (19). 
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This ratio versus QC, for various values of d and for an assumed 
temperature ratio Tc/T = 1020/290 = 3.5 is depicted in Figure 5. 
These curves show what the increase in noise figure will be if the helix 
is at its worst position, i.e., one-quarter plasma wavelength away from 
the optimum. 

(.02) (.041 (06) (08) (.10) 

Fig. 3—When the impedance transformation from cathode to helix is optim- 
ized to yield a minimum noise figure, the noise power standing-wave ratio 
along the beam in the helix drift space is |/m,i//min|2. This ratio can be 

measured by a sliding cavity probe. 

Impedance Transformation From Cathode to Helix 

It will be noticed that it has not been necessary to specify the actual 
location of the beginning of the helix drift space, plane c. This is to 
be expected since the drift region was considered as part of the whole 
impedance transformer between cathode and helix. Fundamentally, the 
noise behavior of the traveling-wave tube is determined simply by the 
two uncorrelated noise waves in the beam at the helix-input plane. In 
a formal way, useful for gun design purposes, the relative amplitudes 
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and phases of these two waves can be expressed in the form of an r-f 
impedance on the beam. In this section this impedance is computed 
and its value at the helix input is found under optimum conditions. 

The r-f beam impedance in the drift region is defined as 

24 

2 2 

2 0 

1.8 

t- 
7 1-6 z 
i u. 

1.4 

1.2 

1.0 

8  ——  0 .2 4 6 .8 1.0 
SPACE-CHARGE FACTOR QC 

Fig. 4—The minimum noise figure, of the traveling-wave tube, as a 
function of space-charge factor QC, helix loss d, and ratio T/Tc of room 
to cathode temperatures. For zero loss, the minimum noise figure is 

1 -f .926 Tc/T for all values of QC. 

V V'+ V" 
Z = — = — (34) 

I F + I" 

where the terms on the right are given by Equations (4). Introducing 
the optimizing condition Equation (9) and making use of Equation 
(24), 

Z CBW Ra — j [ (CW Ra)2 - B=] sin ^ cos ^ 

W B'1 cos2 ^ + (CW Ra)
2 sin-1 ^ 

But because of Equation (30), the optimum matrix elements B and C 
obey 
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so that, on writing 

B 
■ = W RJr, , 
C 

Z/W = z~r + j x, 

(02) (04) (06) (08) (10) 

.2 ,4 .6 8 
SPACE-CHARGE FACTOR OC 

Fig. 5—When the impedance transformation is optimized for minimum 
noise figure, but the helix input is moved along the beam, the noise figure 
goes through successive minima and maxima spaced 7r/2 radians apart. The 
noise figure standing-wave ratio Fm.i/Fmn. is shown for the temperature 

ratio TV^ —3.5. 

the normalized r-f resistance and r-f reactance along the drift region are 

r (i/O = ^ sin2 ip H cos2 

x(ip) = — ^ r? ^ sin \f/ cos <p ^ sin2 ip  cos2 ^ 
)• 

(35) 
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Expressed in polar coordinates, the normalized r-f impedance along 
the drift space takes the simple form 

1 + i 
z =  

1 - 
(35a) 

where the complex reflection coefficient is 

V-1 
k = , 

77 + I 
(36) 

and the standing-wave ratio is 

1 + 

1-1 
(37) 

Finally, with the optimum helix position specified by 2<p = tt ~ y, the 
optimum coefficient becomes 

Kop1. 
1 + »; 

■ en (38) 

at the helix input. The normalized impedance there is 

T* — sP -q A— 
L V 

" + I V ) COS y 
V ^ V 

(38a) 
1 \ 1 / 1 \ 
— sm y V V 1 COS y 
V ' _ V K V ' 

The ratio tj and the angle y can be computed from Figure 3 and Equa- 
tion (13) once the values of the space-charge factor QC, helix loss d 
and complex propagation constants 80, Sp, are known for a given helix 
and beam. 

With Equations (38) or (38a) it is now possible to design a gun 
for optimum noise figure. The problem is reduced to finding a trans- 
ducer which transforms Ra at the cathode into Zh at the helix input. 

The characteristic beam impedance at the cathode is 
W'a = 2 Foo, Mjw/® /o, where the plasma frequency is defined as 
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m e0 v0 J 

e0 being the dielectric constant and i0 the d-c current density. Thus, 
since by Equations (18) and (20) 

Ra — v'4 — ttK TJe 

the normalized r-f resistance at the cathode is given by 

  K T r to 
'"a = RJWa = V (4 — ir) e0 e/m ----/t)0a

s - 
e Vin,, 

= 1.52 X lO-3 / (MKS) 

where / = <D/27r. 

Thus the values of ra and zh can be computed and entered as points 
on an impedance diagram (e.g., on a Smith chart). Any curve con- 
necting these two points and consisting of path segments which 
correspond to transmission-line sections of arbitrary characteristic 
impedance, represents, then, a possible impedance transformation lead- 
ing to minimum traveling-wave-tube noise figure. 
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t Report all corrections or addition to RCA Review, RCA Laboratories, Princeton, N. J. 
♦ RCA Indnstry Service Laboratory Bulletins are not published anil are issued only as 

a service to licensees of the Radio Corporation of America. 
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"Flame Photometric Determination of Sodium and Potassium in 
Phosphors," S. B. Deal, Analytical Chemistry (March)  1954 

"High-Frequency Operation of P-Type Point-Contact Transistors," 
F. L. Hunter and B. N. Slade, RCA Industry Service Labor a-  
tory Bulletin LB-91t0 (March 15)   1954 

"High-Frequency Operation of P-Type Point-Contact Transistors," 
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"Portable 16mm Arc Projector Adapted for 3-D Projection," J. J. 
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February)   1954 

"RCA Color Slide Camera, TK-4A," W. E. Tucker and F. J. Janda, 
Broadcast News (January-February)   1954 
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(January-February)   1954 
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(January-February)   1954 
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Broadcast News (March-April)   1954 
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"Sensitivity of Microphones to Stray Magnetic Fields," L. J. Ander- 
son, Broadcast News (March-April)   1954 

"Simple 'Degaussing' Procedure Protects Magnetic Tracks," E. 
Stanko, Inter. Project (March)   1954 

"Some Studies of the Contamination Induced by Electron Bombard- 
ment in Kinematic Vacuum Systems," S. G. Ellis, National 
Bureau of Standards Circular #527   1954 

"Space-Charge-Wave Amplification Along an Electron Beam by 
Periodic Change of the Beam Impedance," R. W. Peter, 
S. Bloom, and J. A. Ruetz, RCA Review (March)   1954 

"A Specimen Heater for Electron Diffraction," R. G. Picard and 
E. G. Dornfeld, Rev. Sci. Instr. (February)   1954 

"Survey of Transistor Development," B. N. Slade, Broadcast News 
(March-April)   1954 

"A Symmetrical Transistor Phase Detector for Horizontal Synchron- 
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